UNCLASSIFIED 


HMMETIC  CONTROL  OF  LOU  PRESSURE  OISCHMOESCU)  OLO 
DOMINION  UNIV  NORFOLK  VR  K  H  SC  HOC  MACH  AUO  07 
NM014-09-K-M02 


rv»  n*  njt  Tumjrnjr  *  wn  wn lm ir*jr*  it* it* »rw  irmm  \rn sm  vmmr* vttvw  imrw  inr \rw \mnu*\r^  jnnnnn  »vr  «rmwiinwvw¥iwvvw^wiw 


G 

o 

“cd 

■a 

r8 


<J> 

r% 

CD 

oo 


one  FILE  COES' 


DEPARTMENT  OF  ELECTRICAL  AND  COMPUTER  ENGINEERING 
COLLEGE  OF  ENGINEERING  AND  TECHNOLOGY 
OLD  DOMINION  UNIVERSITY 
NORFOLK,  VIRGINIA  23508 


MAGNETIC  CONTROL  OF  LOW  PRESSURE  DISCHARGES 


By 

Karl  H.  Schoenbach,  Principal  Investigator 


Annual  Report 

For  the  period  ending  August  15,  1987 


Prepared  for  the 

Department  of  the  Navy 

Office  of  the  Chief  of  Naval  Research 

800  North  Quincy  Street,  Code  1112 

Arlington,  Virginia  22217-5000 


Under 

Department  of  the  Navy 
Contract  No.  N00014-85-K-0602 

B.  R.  Junker,  Scientific  Program  Officer 
Office  of  the  Chief  of  Naval  Research 

DISTRIBUTION  STATgtgyT -A.  j 

Approved  lot  public  release!  \ 
Distribution  Unlimited 


August  1987 

87  l  0  9  0  0  3 


1 


DEPARTMENT  OF  ELECTRICAL  AND  COMPUTER  ENGINEERING 
COLLEGE  OF  ENGINEERING  AND  TECHNOLOGY 
OLD  OOMINION  UNIVERSITY 
NORFOLK,  VIRGINIA  23508 


MAGNETIC  CONTROL  OF  LOU  PRESSURE  DISCHARGES 


Karl  H.  Schoenbach,  Principal  Investigator 


Annual  Report 

For  the  period  ending  August  15,  1987 


Prepared  for  the 

Department  of  the  Navy 

Office  of  the  Chief  of  Naval  Research 

800  North  Quincy  Street,  Code  1112 

Arlington,  Virginia  22217-5000 


Under 

Department  of  the  Navy 
Contract  No.  N00014-85-K-0602 

B.  R.  Junker,  Scientific  Program  Officer 
Office  of  the  Chief  of  Naval  Research 


Submitted  by  the 

Old  Dominion  University  Research  Foundation 

P.O.  Box  6369 

Norfolk,  Virginia  23508 


August  1987 


Vv.' 


»vr 


w».r 


vvVv.V* 


Unclassifi 


SECURITY  CLASSIFICATION  OF  this  page  (When  Data  Entered) 


REPORT  DOCUMENTATION  PAGE 


t.  report  number 


3AfC  READ  INSTRUCTIONS 

BEFORE  COMPLETING  FORM 


2.  GOVT  ACCESSION  NO.I  3-  RECIPIENT'S  CATALOG  NUMBER 


4.  TITLE  (and  Subtitle) 


5.  TYPE  OF  REPORT  &  PERlOO  COVERED 


MAGNETIC  CONTROL  OF  LOW-PRESSURE  DISCHARGES 


Annual  Technical  Report 
Auq . 16 ,  1986  -  Aua.15,  1987 


6.  PERFORMING  ORG.  REPORT  NUMBER 


7.  author^; 


8.  CONTRACT  OR  GRAn  T  NUMBERr*; 


Karl  H.  Schoenbach,  Principal  Investigator 


N00014-85-K-0602 


It.  CONTROLLING  OFFICE  NAME  ANO  AOORESS 


Head  Physics  Division  Office  of  Naval  Research 


13-  NUMBER  OF  PAGES 


14.  MONITORING  AGENCY  NAME  4  AOORESS^/  different  from  Controlling  Off! cm)  IS.  SECURITY  CLASS,  fol  thla  report, 

Resident  Representative 

Joseph  Henry  Bldg.,  Room  623  Unclassified 

2100  Pennsylvania  Ave.  ,  NW 
Washington,  D.C.  20037-3202 


I 5a.  DECLASSIFICATION^  DOWNGRADING 

schedule 


16.  DISTRIBUTION  STATEMENT  (of  thla  Rmport) 


This  document  has  been  approved  for  public  release;  its  distribution  is 
uni imi ted. 


17.  DISTRIBUTION  STATEMENT  (of  tho  abatrect  antered  In  Block  20,  It  diffoemnt  from  Rmport) 


19.  KEY  WOROS  (Continue  on  reverse  aidm  It  neceaamy  and  Idmntffy  by  block  number) 


Glow  Discharges 
Magnetic  Control 
Opening  Switches 


20.  ABSTRACT  (Contlnum  on  reverse  tidm  It  neceeeery  and  Identity  by  block  number) 


In  abnormal  glow  discharges,  operated  in  electronegative  gas  mixtures, 
the  discharge  resistance  can  be  increased  by  the  application  of  a  transverse 
magnetic  field.  This  effect  is  caused  by  a  shift  of  the  electron  energy 
distribution  towards  lower  energies.  In  the  positive  column  of  the  discharge 
this  leads  to  a  reduction  of  electron  drift  velocity  and  ionization  rate,  and 
for  certain  attachers,  an  increase  of  the  attachment  rate  and  consequently 
to  an  increase  of  the  resistivity.  _ 


DO  , 


EDITION  OF  I  NOV  *S  IS  OBSOLETE 


i  i  Unclassified _ 

SECURITY  CLASSIFICATION  of  This  »»GE  I'WSwn 


ire 


Unclassified 


SECURITY  CLASSIFICATION  OF  this  PAGEf"'"*,  Dmta  Boland) 


A  coaxial  discharge  system  was  used  to  study  the  steady-state  and 
transient  behaviour  of  abnormal  glow  discharges  in  a  He:SF£  gas  mixture  in 
transverse  magnetic  fields.  The  steady=state  current  characteristics  were  mea¬ 
sured  for  current  densities  up  to  A/  cm2  magnetic  field  intensities  up  to 
1.2  Tesla.  At  current  densities  of  1  A/cm?  and  an  i nterelectrode  distance  of 
2  cm,  the  discharge  voltage  was  found  to  increase  with  a  rate  of  2  kV/Tesla, 

corresponding  to  an  increase  of  electric  field  intensity  of  1  kV/Tesla/cm.  '-f— 

The  transient  behaviour  of  the  discharge  was  studied  using  oscil¬ 
lating  magnetic  fields  with  a  maximum  rise  of  1  Tesla/microsecond.  It  was 
found  that  above  a  critical  rise  of  0.2  Tesla/microsecond  the  magnetic  field 
caused  a  reduction  in  discharge  resistance  due  to  induced  electric  fields. 

For  slower  magnetic  fields  the  discharge  resistance  increased  in  accordance 
with  the  steady-state  characteristics. 

In  order  to  model  the  steady-state  behaviour  of  glow  discharges  in 
transverse  magnetic  fields,  Monte-Carlo  codes  were  developed  for  both  the 
positive  column  and  the  cathode  fall.  A  continuum  model  was  used  to  calculate 

particle  densities,  current  densities  and  electric  field  distribution  along 

the  discharge  axis.  The  computational  results  agreed  well  with  the  experi¬ 
mental  values. 

Experimental  and  theoretical  results  indicate,  that  a  magnetically 
controlled  discharge,  where  the  control  mechanism  is  based  on  the  shift  in 
the  positive  column  electron  energy  distribution,  can  be  utilized  as  an 
opening  switch  with  opening  times  in  the  range  of  hundred  microseconds.  Another 
way  to  utilize  the  control  effect  is  to  shorten  the  afterglow  of  low  pressure 
closing  switches  in  the  microsecond  range. 

Another  promising  magnetic  control  mechanism  seems  to  be  possible 
in  hollow  cathode  discharges.  Measurements  on  single  hole  hollow  cathode 
discharges  showed  three  distinct  pressure  regions  with  currents  differing  by 
four  orders  of  magnitude.  In  order  to  switch  between  the  different  discharge 
modes,  it  seems  to  be  necessary  to  modify  the  motion  of  ions  which  are  respon¬ 
sible  for  the  generation  of  electrons  at  the  cathode.  Necessary  magnetic 
inductions  are  in  the  order  of  one  Tesla.  The  advantage  of  hollow  cathode 
discharges  is  the  potentially  high  current  density  of  several  hundred 
A/cm2  in  a  multihole  arrangement  and  its  high  stability. 
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Comparison  of  different  discharge  potential  components 
derived  from  Monte-Carlo  calculations  to  experimental 
results  as  a  function  of  magnetic  field  intensity. 

Vpp  is  the  positive  column  potential,  and  is  the 

cathode  fall  potential . 


INTRODUCTION 


The  effect  of  transverse  magnetic  fields  on  glow  discharges  has  been 
studied  since  the  late  nineteenth  century  [1].  Most  of  the  experimental 
work  has  been  done  in  systems  which  operate  on  the  low  p*d  side  (left  hand) 
of  the  sustaining  voltage  minimum,  where  p  is  the  pressure  and  d  is  tne 
electrode  spacing.  On  the  left-hand-side  of  the  p*d  minimum,  the  applica¬ 
tion  of  a  transverse  magnetic  field  decreases  the  discharge  potential.  This 
effect  has  been  sucessfully  used  in  closing  and  opening  switches  [2]  and  to 
reduce  the  forward  potential  of  cold  cathode  tubes  [3]. 

Very  little  work  has  been  done  on  the  high  p*d  side  of  the  voltage 
minimum.  In  this  range  the  application  of  a  transverse  magnetic  field 
increases  the  dielectric  strength  of  a  gas  [4]  and  it  increases  the 
discharge  potential,  as  stated  as  early  as  1933  by  Thomson  in  his  book 
"Conduction  of  Electricity  through  Gases"  [5].  More  recent  measurments  of 
the  potential  of  He-di scharges  in  transverse  magnetic  fields  have  been 
performed  by  Turnquist  [6].  The  effect  on  the  discharge  potential  can  be 
explained  by  tne  shift  of  the  electron  energy  distribution  towards  lower 
energy  values  in  crossed  electric  and  magnetic  fields  [7].  This  shift 
causes  a  reduction  of  the  drift  velocity  and  a  decrease  of  the  ionization 
rate.  In  the  positive  column  of  the  glow  discharge,  which  can  be  considered 
a  homogeneous  plasma,  the  resistivity  is  increased  by  this  mechanism  and  so 
is  the  discharge  potential  at  constant  or  even  decreasing  current.  To 
enhance  this  effect  an  attacher  with  a  large  attachment  cross  section  at  low 
energies  may  be  used.  The  shift  of  the  electron  energy  distribution  in 
crossed  fields  stimulates  increased  attachment,  a  process  which  reduces  the 
conductivity  in  the  positive  column  further. 


The  effect  of  magnetic  fields  on  the  uathode  fall  of  a  glow  discharge, 
operated  at  p*d  values  above  that  for  minimum  sustaining  voltage  is  less 
understood  than  its  effect  on  the  positive  column.  With  increasing  current 
densities  (abnormal  glow),  however,  the  cathode  fall  voltage  determines  more 
and  more  the  discharge  potential.  Considerations  of  the  change  of  the  elec¬ 
tron  energy  distribution  in  crossed  fields  as  used  to  discuss  the  variation 
in  the  sustaining  electric  field  in  the  positive  column  are  not  sufficient 
to  predict  the  behaviour  of  the  cathode  fall  in  transverse  magnetic  fields. 

Models  which  take  nonequilibrium  effects  into  account  have  to  be  used  in 
order  to  describe  the  influence  of  gas  and  electrode  properties  on  the  cath¬ 
ode  fall  [8,  9]. 

The  modeling  of  the  cathode  fall  leads  ultimately  to  discharge  systems 
which  are  completely  space  charge  dominated,  such  as  hollow  cathode  dis¬ 
charges.  Research  on  the  effect  of  magnetic  fields  on  hollow  cathode  dis¬ 
charges  is  in  its  infancy  [10].  The  study  of  such  systems  is  not  just  im¬ 
portant  for  control  of  discharge  resistance  but  also  to  understand  the 
charged  particle  behaviour  in  nonplanar  boundary  layers,  e.g.  in  cavities  on 
the  surface  of  space  vehicles. 


EXPERIMENTAL  SET-UP 


A)  COAXIAL  SYSTEM 

A  coaxial  configuration  (Fig.  1)  was  chosen  because  it  provides  an  easy 
way  to  generate  a  crossed  field  situation  by  using  a  solenoidally  shaped 
coil.  The  ExB  drift  in  this  system  leads  just  to  a  rotation  of  the  plasma 
but  not,  at  least  in  a  first  approximation,  to  charge  separation  and  there¬ 
fore  to  a  build-up  of  space  charge  fields  in  the  positive  column. 

The  discharge  circuit  consists  of  a  50  ft  cable  and  a  mid-plane  trig¬ 
gered  spark  gap,  which  delivers  a  200  ns  pulse  to  a  70  &  shielded  resistor 
in  series  with  the  discharge  chamber.  In  order  to  obtain  longer  pulses  a 
10  us  pulse  forming  network  was  also  used. 

Both  the  discharge  voltage  and  current  were  recorded  using  transient 
digitizers  and  the  magnetic  field  circuit  current  was  recorded  using  a  stor¬ 
age  oscilloscope  on  every  shot.  The  current  waveforms  were  measured  using 
commercial  Rogowski  coil  current  transformers.  The  discharge  voltage  was 
monitored  by  a  capacitive  voltage  divider  in  series  with  a  resistive  voltage 
divider.  This  device  has  a  fast  risetime  which  is  limited  by  the  self  in¬ 
ductance  of  the  two  carbon  resistors  in  the  resistive  part  of  the  divider. 

A  cross-sectional  view  of  the  voltage  divider  is  shown  in  Fig.  2.  The  step 
response  of  this  device  is  an  exponentially  decaying  signal  which  has  a  time 
constant  equal  to  the  product  of  the  sum  of  the  two  resistors  times  the  sum 
of  the  two  capacitors.  For  short  pulses  (<60  ns)  the  voltage  divider  pro¬ 
vides  an  accurate  reproduction  of  the  input  signal.  Longer  signals  must  be 
processed  digitally  to  compensate  for  the  decay. 

Figures  3a  and  3b  are  plots  of  the  voltage  and  current  waveforms  for 
four  consecutive  data  points  taken  under  the  same  conditions.  The  gas 
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Fig.  2  Isometric  drawing  of  the  capacitive 
voltage  divider. 


Fig.  3  Typical  discharge  (a)  voltage  and  (b)  current  waveforms 
showing  four  consective  shots  superimposed. 

20"  SFg  -  80"  He,  B  =  0.05  Tesla,  100  ns/div, 

(a)  618  V/div  and  (b)  A/div. 
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mixture  was  20%  SFg  •  80%  He  and  the  applied  magnetic  field  was  0.05  Tesla. 
The  jitter  in  the  original  waveforms  was  corrected  by  aligning  three  of  the 
waveforms  with  the  first  using  an  interactive  graphics  program.  The  differ¬ 
ence  in  the  first  350  ns  of  the  voltage  waveforms  is  due  the  statistical 
delay  of  the  discharge  initiation. 

To  study  the  steady-state  behaviour  of  the  radial  glow  discharge,  with 

2 

current  densities  up  to  A/cm  ,  in  transverse  magnetic  fields  a  "quasi-dc" 
axial  magnetic  field  was  applied.  The  experimental  set-up  has  been 
described  in  reference  [7].  The  magnetic  field  circuit  is  a  series  RLC  cir¬ 
cuit  capable  of  delivering  peak  currents  of  2.2  kA,  which  produced  magnetic 
fields  in  excess  of  1.2  Tesla. 

A  second  magnetic  field  circuit  has  been  built  recently.  This  circuit 
consists  of  a  single  turn  coil  and  a  three-turn  coil  powered  by  a  capacitor. 
This  system  allows  to  generate  magnetic  fields  of  up  to  1.5  Tesla  with 
risetimes  of  the  order  of  1  microsecond.  The  magnetic  field  circuit  and  the 
two  types  of  coil  currents  used  in  our  experimental  studies  are  shown  in 
Figs.  4a  and  4b. 

B)  LINEAR  SYSTEM 

A  second  system  with  plane-parallel  electrodes  was  designed  and  built 
in  order  to  study  the  cathode  fall  in  abnormal  glow  discharges  and  the  ef¬ 
fect  of  longitudinal  magnetic  fields  on  hollow  cathode  discharges.  In  such 
a  configuration  longitudinal  magnetic  fields  can  easily  be  generated  by 
using  a  solenoid  with  its  axis  along  the  discharge  axis  or  in  case  of  a 
hollow  cathode  discharge  along  the  hole  in  the  cathode. 

Tne  discharge  system  consists  of  a  coaxial  discharge  cnamoer  witn  plane 
parallel  electrodes  (Fig.  5).  For  hollow  cathode  investigations  a  hole  of 


Cross-section  of  the  linear  di scharge-chamber . 


0.5  cm  diameter  and  2  cm  depth  is  drilled  in  one  of  the  electrodes.  The 
discharge  is  driven  by  a  50  Ohm,  10  microsecond  pulse  forming  network  (PFN) 
through  a  spark  gap  switch.  A  matching  load  resistance  of  50  Ohm  is  placed 
in  series  with  the  discharge.  The  magnetic  field  circuit  is  a  critically 
damped,  series  RLC  circuit  capable  of  delivering  a  peak  current  of  300  A 
which  generates  a  magnetic  field  of  0.3  Tesla.  The  discharge  current  and 
the  current  in  the  magnetic  field  circuit  was  measured  with  Pearson  coils 
and  were  recorded  with  400  MHz  Transient  Digitizers. 

EXPERIMENTAL  RESULTS 

A.  THE  EFFECT  OF  STATIC  MAGNETIC  FIELDS  ON  THE  DISCHARGE  IMPEDANCE 
To  determine  the  operating  pressure  of  the  gas  in  the  discharge  cham¬ 
ber,  pressure  versus  discharge  voltage  data  were  taken.  Figure  6  shows  the 

measured  values  of  pressure  versus  sustaining  voltage  for  a  current  density 
2 

of  1  A/ cm  in  SFg,  He  and  an  80%  He  -  20%  SFg  mixture.  While  these  curves 
should  not  be  confused  with  Paschen  curves  (which  are  pd  versus  sparking 
voltage),  the  curves  for  SFg  and  the  SFg: He  mixture  show  the  typical  Paschen 
curve  shape.  There  is  a  minimum  voltage  which  increases  as  the  pressure  is 
either  increased  or  decreased.  The  minimum  voltage  for  SFg  and  the  SFg/He 
mixture  are  1100  V  and  1200  V,  respectively.  The  He  curve  has  its  minimum 
at  a  pressure  greater  than  20  torr.  In  our  studies  we  have  concentrated  on 
the  rie:SFg  gas  mixture,  oecause  discharges  in  tnis  mixture  are  more  staole 
than  those  in  pure  SFg.  The  pressure  was  chosen  to  8  Torr,  just  to  the 
right  of  the  minimum  in  the  discharge  potential  curve  (Fig. 6). 

Figure  7  is  the  measured  quasi  steady-state  voltage  current  character¬ 


istics  for  the  discharge  in  20%  SFg  -  80%  He  with  applied  transverse 


I  4'  A  I 


i  u>  L' 


I 


> 

^  3.0 


Cd  „  „ 
O  2.0 


Fig.  6  Experimental  values  of  discharge  voltage  as  a  function 
of  gas  pressure  for  various  gases. 

Discharge  current  is  100  A. 
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magnetic  field.  The  measurements  were  made  by  recording  both  the  discharge 


current  and  voltage  waveforms  for  values  of  applied  voltage  at  specific 


values  of  magnetic  field  intensity.  Several  data  points  were  taken  for  each 


value  of  applied  voltage.  The  statistical  spread  of  the  data  is 


approximately  15%. 


The  relationship  between  the  discharge  voltage  and  the  applied  magnetic 


field  strength  at  constant  discharge  current  was  determined  from  Figure  7. 


These  data  are  given  as  Figure  8  for  discharge  currents  of  20  A,  60  A  and 


100  A.  With  a  cathode  surface  area  of  100  cm  ,  the  corresponding  current 


2  2  2 

densities  were  0.2  A/cm  ,  0.6  A/cm  and  1.0  A/cm  ,  respectively.  The  plot 


shows  an  initial  increase  in  discharge  voltage  with  respect  to  magnetic 


field  (dV/dB)  of  approximately  0.4  kV/Tesla  for  the  three  values  of  current. 


This  increase  to  a  steady  value  which  is  dependent  on  the  discharge  current. 


The  final  values  of  dV/dB  for  the  three  values  of  current  are  listed  below. 


dV/dB 


20  A  1.6  kV/Tesl a  0.5  <  B  <  1.2  Tesla 


60  A  2.3  kV/Tesl  a  0.6  <  B  <  1.2  Tesla 


100  A  2.6  kV/Tesl  a  0.5  <  B  <  0.65  Tesla 


B.  THE  EFFECT  OF  TRANSIENT  MAGNETIC  FIELDS  ON  THE  DISCHARGE  IMPEDANCE 


In  order  to  study  the  effect  of  a  transient  magnetic  field  on  the  im¬ 
pedance  of  a  gas  discharge  in  He:SF^,  a  capacitive  discharge  system  was 
used,  which  allows  the  generation  of  magnetic  fields  up  to  1.5  Tesla  with 
risetimes  in  the  microsecond  range  (see  section:  Experimental  Set-up).  The 
application  of  a  transient  axial  magnetic  field  causes  an  azimutnal  electric 


field  in  the  discharge: 
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Fig.  8  Experimental  values  of  discharge  voltage  as  a  function  of 
applied  transverse  magnetic  field  intensity  in  an  80%  He 
20%  SF £  gas  mixture  at  3  torr  for  various  values  of 
discharge  current. 


Ed  *  -  (r/2 ) *  (dB/dt) 


The  induced  electric  field  adds  vectoriell  to  the  radial  electric  field 
of  the  discharge.  For  fast  rising  magnetic  fields  the  shift  of  the  electron 
energies  towards  larger  values  due  the  induced  electric  field  dominates  over 
the  oppositely  directed  magnetic  field  effect  and  the  discharge  conductance 
increases.  This  effect  was  observed  when  the  temporal  rate  of  change  in  the 
magnetic  field  intensity  (dB/dt)  reached  values  of  0.2  Tesla/microsecond, 
corresponding  to  an  induced  axial  field  strength  of  170  V/ cm  at  the  outer 
electrode  (r  =  3.5  cm),  which  comes  close  to  the  order  of  magnitude  of  the 
applied  radial  electric  field  at  this  radial  position. 

With  magnetic  fields  having  a  maximum  rate  of  change  of  0.1  Tesla/micro¬ 
second  the  expected  opening  effect  was  observed.  Figures  8  and  9  show  the 
temporal  change  in  current,  voltage  and,  derived  from  these  quantities,  the 
discharge  resistance  (Fig.  10).  The  resistance  increases  with  increasing 
magnetic  field,  however,  the  discharge  becomes  unstable  at  a  certain  voltage 
and  changes  into  the  high  conductance  mode  as  in  the  case  of  high  dB/dt. 
Figure  11  shows  the  current-voltage  curve  with  the  magnetic  induction  as 
parameter,  in  the  steady-state  characteristics  diagram.  The  switching  I-V 
curve  follows  the  loadline  of  the  circuit  used  in  this  experiment.  The 
magnetic  field  intensity  values  corresponding  to  the  I-V  values  on  this 
curve  are  in  agreement  with  the  B-values  of  the  steady-state  curves.  This 
indicates  that  the  relaxation  time  of  the  electrons  in  a  gas  discnarge  in 
transient  magnetic  fields  is  smaller  than  the  characteristic  time  of  change 
of  the  magnetic  field. 
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Fig.  11  Temporal  development  of  the  discharge  resistance 
with  and  without  magnetic  field  B(t). 
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MAGNETIC  INDUCTION,  B  Tesla 


C.  THE  EFFECT  OF  LONGITUDINAL  MAGNETIC  FIELDS  ON  A  HOLLOW  CATHODE 


DISCHARGE 

A  linear  discharge  system  (Fig.  5)  was  used  to  study  the  pressure  depen¬ 
dence  of  discharges  between  a  plane  anode  and  a  hollow  cathode  and  the  in¬ 
fluence  of  magnetic  fields  on  the  voltage-current  characteristics  of  such 
discharges.  The  gas  discharges  utilizing  a  cathode  with  a  cylindrical  hole 
of  .48  cm  in  diameter  and  1.9  cm  depth  exhibits  three  distince  modes  of 
operation  in  He  in  the  pressure  range  between  15  mTorr  and  several  Torr 
(Fig.  12). 

At  pressures  in  the  range  of  15  to  70  mTorr  the  discharge  carries  a 
current  of  120  Anperes  at  an  impedance  small  compared  to  50  Ohms.  The  diam¬ 
eter  of  the  discharge  channel  is  identical  with  the  hole  diameter  (Fig. 

13a).  At  pressures  above  70  mTorr  up  to  about  200  mTorr  the  discharge  oper¬ 
ates  in  a  high  impedance  mode  with  currents  four  orders  of  magnitude  less 
than  in  the  previous  mode  of  operation.  In  the  high  impedance  mode  a 
filamentary  plasma  of  0.1  cm  diameter,  immersed  in  a  glow,  was  observed  in 
the  axis  of  the  discharge  system  (Fig.  13b).  This  luminous  phenomenon  is 
probably  caused  by  an  electron  beam  emanating  from  the  bottom  of  the  hollow 
cathode  [13].  In  this  mode  of  operation  the  discharge  (electron-beam)  cur¬ 
rent  increased  linearly  with  pressure.  In  the  pressure  range  between  200 
mTorr  and  1  Torr  the  discharge  is  not  well  defined.  It  seems  to  set  on  the 
triple  point  (gas,  electrode,  dielectric).  At  pressures  above  1  Torr,  tne 
discharge  switched  again  into  a  high  current,  low  impedance  mode.  A  current 
of  60  Amperes  was  measured  in  this  mode.  It  does  not  vary  with  pressure  up 
to  several  Torr. 

The  high  pressure,  high  current  mode  is  in  our  opinion  the  common  hol¬ 
low  cathode  discharge  mode,  where  the  cathode  fall  distance  corresponds  to 
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Fig.  12  Steady-state  current  voltage  characteristics  of  magne¬ 
tically  controlled  discharge  with  transient  current- 
voltage  curve  that  follows  the  load  line  of  the  dis¬ 
charge  system. 


Discharge  current  as  a  function  of  pressure.  The  hate 
the  pressure  range  when  the  discharge  sets  on  at  the  t 
current-pressure  curve  is  not  well  defined  in  this  reg 


the  radius  of  the  hole  in  the  cathode  [11].  At  lower  pressures  the 
formation  of  a  space  charge  layer  (cathode  fall)  is  suppressed  and  the 
electrons,  which  are  generated  at  the  bottom  of  the  hole  are  accelerated  in 
the  electric  field  between  anode  and  cathode.  This  low  current  mode  of 
operation  is  equivalent  to  the  operation  of  an  electron-beam  diode  with 
electron-generation  through  ion  bombardment  of  the  cathode.  The  high 
current  discharge  at  very  low  pressures  (<  70  m  Torr)  is  probably  a  vacuum 
discharge,  a  discharge  which  is  sustained  in  electrode  material  vapor. 

Experiments  have  been  performed  to  study  the  effect  of  axial  magnetic 
fields  on  the  discharge  characteristics  in  the  three  observed  modes  of  oper¬ 
ation.  With  so  far  maximum  obtainable  magnetic  fields  of  0.3  Tesla  in  this 
configuration  there  was  no  change  in  the  discharge  characteristics  of  the 
"vacuum"  and  "hollow  cathode"  discharges.  In  the  "electron-beam"  mode  (med¬ 
ium  pressures),  on  the  other  hand,  even  small  magnetic  fields  of  150  Gauss 
reduced  the  current  by  a  factor  of  two.  Because  of  the  small  current 
densities  (several  hundred  milliamperes  per  square  centimeter  in  a  multi¬ 
hole  structure),  however,  there  does  not  seem  to  be  an  application  of  this 
effect  in  Pulsed  Power  opening  switches. 

If  it  becomes  possible,  however,  to  switch  between  the  different  modes 
of  operation,  changes  in  the  impedance  of  almost  four  orders  of  magnitude 
can  be  expected.  In  order  to  influence  the  discharge  in  the  pressure  range 
about  and  below  1  Torr  by  means  of  magnetic  fields,  it  is  necessary  to  modi¬ 
fy  the  motion  of  the  ions  which  are  responsible  for  the  electron  generation 
at  the  cathode.  A  criterion  for  an  effective  cnange  of  tne  ion  patn  in  tne 
hollow  cathode  is  given  by  the  condition  that  the  ion  Gyroradius  snould  De 
smaller  than  the  hole  radius.  For  He  with  an  assumed  average  energy  of 
100  eV  (several  times  the  ionization  energy)  and  a  hole  radius  of  0.24  cm 


the  magnetic  induction  necessary  to  force  the  ions  on  a  circle  of  the  same 
radius  is  8  =  .85  Tesla.  This  value  can  be  reduced  if  holes  with  a  larger 
diameter  are  used  which  requires  operation  at  lower  pressures. 

Assuming  that  discharges  emanating  from  different  holes  in  a  cathode  do 

not  interact  with  each  other,  a  possible  pulsed  power  opening  switch  could 

consist  of  a  plane  anode  and  a  multihole  cathode.  With  such  a  configuration 

2 

current  densities  of  several  100  A/cm  seem  to  be  ODtainaDle.  Furthermore, 
as  measurements  with  10  microsecond  pulses  indicate,  these  discharges  are 
very  stable. 

COMPUTATIONAL  RESULTS 

Monte  Carlo  calculations  were  performed  to  simulate  the  positive  column 
and  the  cathode  fall  of  glow  discharges  in  transverse  magnetic  fields.  The 
gas  mixture,  which  was  chosen  for  our  studies,  was  20%  SF&  -  80%  He  at  a 
pressure  of  10  torr.  SFg  data  compiled  by  Kline  [12]  and  Phelps  [13]  were 
used.  The  cross  sections  for  He,  which  serves  as  buffer  gas,  were  taken 
from  a  paper  by  Hayashi  [14]. 

A.  POSITIVE  COLUMN 

A  zero  dimensional  Monte-Carlo  code  was  used  to  calculate  tne  electron- 
energy  distribution,  ionization  rate  coefficient,  attachment  rate  coeffi¬ 
cient,  collision  frequency  and  drift  velocity  in  the  positive  column  [7, 

15].  The  computed  attachment  and  ionization  rate  coefficients  were  used  in 
a  simplified  continuity  equation  for  electrons,  where  detachment^Vecompi na¬ 
tion  and  diffusion  processes  are  neglected.  This  equation  resulted  in  the 
calculation  of  the  equilibrium  reduced  field  strength,  E/N,  for  the  positive 
column  of  a  discharge  plasma  as  a  function  of  the  reduced  magnetic  field 
intensity,  B/N.  The  results  from  such  calculations  are  shown  in  Fig.  15  for 


B/N  [x  10  Tesla—  cm° 

Fig.  15  Calculated  reduced  electric  field  intensity  as  a 
function  of  reduced  magnetic  field  intensity, 
p  =  10  torr,  20%  SFa  -  30%  He. 


20%  SFC  -  80%  He.  except  for  small  values  of  B/N,  the  E/N  versus  B/N  curve 
o 

increase  linearly  with  a  slope  of  about  E/B  -  1  kV/cm  Tesla. 

Details  of  the  computational  procedure  and  results  of  the  calculations 
(rate  coefficients,  drift  velocity)  are  discussed  in  the  previous  annual 
report  and  in  the  attached  papers  (Appendix). 

B.  CATHODE  FALL 

In  order  to  model  the  cathode  fall,  which  for  abnormal  discharges 

contributes  substantially  to  the  total  discharge  voltage,  a  one  dimensional 

Monte-Carlo  code  was  used.  With  this  code  the  electron  energy  distributions 

and  the  transport  and  rate  coefficients  in  the  cathode  fall  region  of  glow 

discharges  in  a  He/SF^  gas  mixture  were  calculated.  The  charge  carrier 

densities  and  the  current  densities  were  computed  by  means  of  a  continuum 

model.  A  self  consistent  solution  for  the  cathode  fall  was  approached 

through  an  iterative  procedure.  The  modeling  procedure  and  the  obtained 

distribution  of  rate  coefficients,  charge  densities  and  current  is  described 

in  detail  in  the  attached  paper  "Analysis  of  the  Cathode  Fall  of  Glow 

Discharges  in  a  He:SF  Gas  Mixture"  [9j. 

6 

Figure  16  shows  the  calculated  spatial  electric  field  distributions  for 

zero  magnetic  field  and  a  magnetic  field  of  0.5  Tesla  with  an  assumed 

2 

current  density  of  1  A/cm  .  The  electric  field  for  B=0  is  linear  except  for 
the  region  adjacent  to  the  positive  column  (negative  glow).  The  cathode 
fall  distance  is  very  short  compared  to  the  cathode  fall  distance  measured 
for  normal  cathode  falls  and  the  electric  field  intensity  is  correspondingly 
high.  It  reaches  35  kV/cm  at  the  cathode.  Application  of  a  magnetic  field 
of  0.5  Tesla  causes  a  reduction  of  the  electric  field  intensity  in  the 
cathode  fall  contrary  to  its  effect  in  the  positive  column.  The  cathode 
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Fig.  16  Calculated  electric  field  intensity  as  a  function 
of  distance  from  the  cathode, 
p  =  10  torr,  20®  SFc  -  80"  He,  J  =  1  A/cm^, 

B  =  0  and  8  =  0.5  Tesla. 
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DISCUSSION  AND  CONCLUSION 


The  computational  results  for  positive  column  and  cathode  fall  are 
shown  in  Fig.  17,  compared  with  the  experimental  results,  obtained  in  a 
He:SFfe  gas  mixture  at  8  Torr.  The  experimental  data  and  the  theoretical 
results  are  in  relative  good  agreement  for  values  of  the  magnetic  field  up 
to  0.5  Tesla.  For  higher  values  of  magnetic  field  the  measured  rise  of 
voltage  with  increasing  magnetic  field  exceeds  the  computed  one.  This 
discrepancy  between  theory  and  experiment  might  be  due  to  the  fact  that 
neither  recombination  nor  diffusion  was  considered  in  our  rate  equations. 
Both  mechanisms  cause  a  reduction  of  electron  density,  consequently  an 
increase  in  discharge  potential  and  therefore  a  steeper  slope  in  tne 
computed  E/N  versus  B  curve. 

The  results  of  the  measurements  with  transient  magnetic  fields 
indicate,  that  the  relaxation  time  (turn-off  time)  is  small  compared  to 
one  microsecond,  which  is  the  characteristic  time  of  change  in  the  magnetic 
field  used  in  this  experiment.  This  is  consistent  with  computational 
results  on  the  temporal  change  of  the  electron  energy  distribution  function, 
where  decay  time  constants  for  the  electron  density  in  the  order  of  100  ns 
were  calculated  (Paper  on  "The  Influence  of  Transverse  Magnetic  Fields  on 
Glow  Discharges  in  HeiSF^  Gas  Mixtures,"  Appendix).  The  main  problem 
related  to  fast  (submicrosecond)  switching,  however,  is  not  the  relaxation 
of  the  electron  energy  distribution,  but  the  induction  of  electric  fields  by 
the  fast  rising  magnetic  field,  which  cause  a  glow-to-arc  transition  before 
the  opening  effect  sets  in. 

In  order  to  use  this  device  as  a  switch  tne  current  density  snould  oe 
2 

larger  than  1  A/ cm  and  the  forward  voltage  should  oe  relatively  low.  with 
simple  brass  electrodes  and  no  preionization  the  experimental  set-up 
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Fig.  17  Comparison  of  different  discharge  potential  components 
derived  from  Monte-Carlo  calculations  to  experimental 
results  as  a  function  of  magnetic  field  intensity. 

Vpc  is  the  positive  column  potential  and  V^p  is  the 
cathode  fall  potential. 


delivered  current  densities  of  up  to  2  A/cm  .  One  method  to  increase  the 
current  density  is  the  use  of  a  hollow  cathode.  When  using  such  a  cathode 
in  the  experimental  set-up  current  densities  ten  times  that  obtained  with 
the  plane  cylindrical  cathode  were  obtained  at  approximately  half  the 
forward  potential.  Work  done  at  GTE  Labs  Inc.  indicates  that  current 
densities  of  several  hundred  amperes  per  square  centimeter  can  be  obtained 
when  the  gas  is  preionized  [16]. 

The  efficiency  or  gain  of  magnetically  controlled  opening  switch  can  be 
defined  as  the  ratio  of  power  delivered  by  the  switch  to  the  load  divided  by 
the  magnetic  power  required  to  operate  the  switch  [7]: 

— (JE) 

2  JE 

—  (i.  82/u  )  B 2/ur 
dt  2 

If  the  magnetic  field  intensity,  B,  rising  from  zero  to  0.5  Tesla  in  a 
time  t,  would  generate  an  electric  field,  E,  of  0.5  kV/cm^  then,  the  opening 
time,  t  ,  required  to  get  a  gain  greater  than  unity  would  have  to  be  longer 
than  4  us.  The  discussed  magnetically  controlled  switch  would  therefore  be 
suitable  for  opening  a  circuit  in  tne  100  us  range  witn  reasonable 
efficiency.  The  current  could  be  scaled  with  the  discharge  cross  section 
and  the  voltage  with  the  length  of  the  positive  column. 


WORK  STATEMENT  FOR  THE  3RD  CONTRACT  PERIOD: 

1.  It  is  planned  to  perform  electrical  measurements  (voltage  and  current) 
on  pulsed,  single  hole  and  multi  hole  hollow  cathode  discharges  in  He 
using  a  recently  built  discharge  system.  The  purpose  of  these 
measurements  is  to  get  information  on  the  current-voltage 
characteristics,  and  stability  of  these  discharges  (with  respect  to 
their  application  as  pulse  power  switches). 

2.  It  is  planned  to  study  the  influence  of  magnetic  fields  along  the  axis 
of  the  discharge  on  the  sustaining  voltage.  The  purpose  of  these 
experiments  is  to  define  ranges  of  operation  where  the  application  of 
magnetic  fields  leads  to  a  reduction  or  an  increase  in  discharge 
impedance  (opening  or  closing  switch).  If  it  is  possible  to  switch 
between  different  modes  of  operation  (Fig.  13),  resistance  changes  by 
four  orders  of  magnitude  can  be  expected. 

3.  It  is  planned  to  expand  our  one-dimensional  boundary  layer  model,  which 
uses  Monte-Carlo  codes  to  determine  the  rate  coefficients  and  electron 
drift  velocity  under  nonequilibrium  conditions,  into  a  two-dimensional 
model.  This  will  allow  to  model  hollow  cathode  discharges.  For  the 
development  of  the  two-dimensional  code,  we  have  the  support  of  S. 
Taasan,  an  expert  on  numerical  solutions  of  Partial  Differental 

Equations  (NASA  Langley). 
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Abstract— by  application  of  a  crossed  magnetic  field,  the  electron 
energy  distribution  in  a  gas  discharge  can  be  shifted  to  lower  energy 
values,  as  demonstrated  by  means  of  Monte  Carlo  calculations  for  elec¬ 
trons  in  He:SF«  mixtures.  Consequently,  through  the  change  in  the 
rate  coefficients  for  ionization  and  attachment,  the  sustaining  field  in 
the  discharge  plasma  is  increased.  This  magnetically  induced  voltage 
rise  was  studied  in  a  low-pressure  glow  discharge.  The  cathode  fall  was 
found  to  be  the  dominant  component  in  determining  the  characteristics 
of  this  magnetically  controlled  discharge.  The  drastic  rise  of  the  cath¬ 
ode  fall  above  a  threshold  value  could  be  utilized  in  operating  a  glow 
discharge  as  an  opening  switch  for  an  inductive  energy  storage  system. 

I.  Introduction 

OW-PRESSURE  diffuse  discharges  have  been  stud¬ 
ied  extensively  with  respect  to  their  application  as 
closing  switches.  Examples  of  switching  devices  operat¬ 
ing  at  low  pressures  are  thy  rations  [1],  tacitrons  [2],  and 
crossatrons  [3].  Common  to  all  these  devices  is  their  op¬ 
eration  on  the  low  pd  side  of  the  Paschen  minimum,  with 
p  being  the  gas  pressure  and  d  the  electrode  spacing.  The 
application  of  crossed  magnetic  fields  in  this  pd  range 
leads  to  a  decrease  in  breakdown  strength  and  plasma  re¬ 
sistivity  in  the  on  state  of  a  switch,  an  effect  which  has 
been  successfully  used  in  operating  crossed  field  tubes  as 
closing  switches. 

If  the  gas  pressure  is  such  that  pd  is  on  the  high  side  of 
the  Paschen  minimum,  the  application  of  a  crossed  mag¬ 
netic  field  has  the  opposite  effect.  In  this  pd  range,  where 
the  characteristic  of  the  discharge  is  determined  by  elec¬ 
tron-molecule  collisions,  rather  than  by  electrode  (7)  pro¬ 
cesses.  the  applied  magnetic  field  causes  a  change  in  the 
transport  properties  of  the  discharge  such  that  an  increase 
in  both  breakdown  field  strength  [4]  and  resistivity  [5] 
occurs.  This  effect  provides  a  means  for  the  use  of  mag¬ 
netically  controlled  low-pressure  discharges  as  opening 
switches. 

II.  Theory  and  Computational  Results 

The  application  of  a  magneuc  flux  density  B,  which  is 
transverse  to  the  electric  field  E  in  the  discharge,  changes 
the  transport  parameters  of  the  electrons  by  changing  the 
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Fig.  1  Electron  energy  distributions  for  a  reduced  electnc-lield  strength 
of  E/S  =*  120  Td  in  20-percent  SF„-80-percent  He  lor  various  values  of 
reduced  magnetic  dux  density  B/N 

electron  energy  distribution  /(<)■  This  was  demonstrated 
by  means  of  Monte  Carlo  calculations  in  pure  SF6.  Fig. 
1  illustrates  this  shift  in  the  distribution  function  for  a 
mixture  of  He  and  SF6.  These  data  were  generated  again 
by  Monte  Carlo  calculations  [7],  The  cross  sections  for 
this  calculation  for  He  were  taken  from  a  paper  by  Hay- 
ashi  [8]  and  those  for  SFs  were  taken  from  Kline  [9].  The 
electron  scattering  was  assumed  to  be  isotropic.  The  ma¬ 
jor  points  of  interest  in  the  crossed  field  induced  changes 
in  /(e)  are  the  reduction  in  the  high-energy  tail  of  the  dis¬ 
tribution  and  the  shift  of  the  mean  energy  to  lower  values 
with  increasing  reduced  magnetic  flux  density  B/N.  N 
being  the  number  density  of  the  gas  molecules.  The  mean 
energies  for  the  B/N  =  0  and  B/N  *  1.5  x  10' 18  T  •  cm3 
distributions  are  11.6  and  8.0  eV,  respectively. 

The  effect  on  the  tail  of /(e)  can  be  explained  by  con¬ 
sidering  the  electron  trajectories  in  crossed  electric  and 
magnetic  fields.  The-electrons  that  make  up  the  high-en¬ 
ergy  part  of  the  electron  energy  distribution  in  a  gas  with 
an  electric  field  only  are  those  which  have  been  forward 
scattered,  i.e..  scattered  in  the  direction  of  the  electric 
field  lines.  The  forward-scattered  electrons  in  a  crossed 
field  discharge  travel  paths  that  are  curved  due  to  the 
v  x  B  forces  acting  on  the  particle.  This  means  that  for¬ 
ward-scattered  electrons  will  not  gain  as  much  energy  as 
in  the  "electnc-field-only"  case,  so  the  high-energv  tail 
of  the  electron  energy  distribution  is  reduced.  The  shift  in 
the  mean  energy  has  been  derived  both  analytically  [10] 
and  in  computer  simulations  [5],  [11]  for  crossed  held 
discharges. 

The  changes  in  the  distribution  function  significantly 
affect  the  electron  transport  parameters  of  a  discharge  in 
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Fig  2.  Ionization  rate  coefficient  k,  as  a  function  of  reduced  magnetic  flux 
density  B/N  with  the  reduced  electric  field  strength  E/N  as  a  parameter 
in  20-percent  SFs-80-percem  He 
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Fig  3  Attachment  rate  coefficient  k,  as  a  function  of  reduced  magnetic 
flux  density  B/N  with  the  reduced  electric  field  strength  E/N  as  a  param¬ 
eter  in  20-percent  SF<,-80-percent  He. 

a  gas  mixture  of  20-percent  SF6  and  80-percent  He,  as 
shown  by  the  plots  of  ionization  and  attachment  rate  coef¬ 
ficients  in  Figs.  2  and  3,  respectively.  These  data  were 
generated  by  counting  the  number  of  ionization  and  at¬ 


Fig  4.  Calculated  positive  column  equilibrium  reduced  electnc  field 
strength  E/N  versus  reduced  magnetic  flux  density  B/N  for  20-percent 
SF6-80-percent  He. 


coefficient  remains  fairly  constant  above  this  value  of 
B/N.  This  behavior  is  typical  for  an  attacher  whose  at¬ 
tachment  cross  section  peaks  at  low  energies,  such  as  SF6 
[9],  The  drift  velocity  vd  for  a  particular  E/N  is  also  re¬ 
duced  if  a  transverse  magnetic  field  is  present.  This  is  due 
to  the  lowered  electron  mobility  in  the  electric-field  di¬ 
rection  caused  by  the  gyrating  path  of  the  electrons  in 
crossed  fields. 

The  computed  rate  coefficients  k,  and  ka  can  be  used  in 
the  continuity  equation  for  electrons  to  calculate  the  equi¬ 
librium  E/N  for  the  positive  column  of  a  discharge  plasma 
as  a  function  of  B/N.  This  equilibrium  E/N.  or  limiting 
E/N,  is  the  electric-field  intensity  at  which 

dnjdt  =  kftn,  -  kaNanr  =  0.  (2) 

The  results  from  such  a  calculation  for  a  20-percent  SF6- 
80-percent  He  gas  mixture  are  shown  in  Fig.  4.  Except 
for  small  values  of  B/N  (<0.1  x  10'17  T  •  cm3),  the 
E/N  versus  B/N  curve  increases  linearly  with  a  slope  of 


tachment  processes  with  the  same  Monte  Carlo  calcula¬ 
tions  as  were  used  to  produce  the  distribution  functions  of 
Fig.  1.  Rate  coefficients  in  a  gas  are  defined  by  the  equa¬ 
tion 

kj  =  S  °j(e)  e'r‘S(€)df  (1) 

where  k,  is  the  rate  coefficient,  a^t)  is  the  corresponding 
collision  cross  section,  me  is  the  electron  mass,  and  t  is 
the  electron  energy.  In  Fig.  2  it  can  be  seen  that  the  ion¬ 
ization  rate  coefficient  k,  is  reduced  by  more  than  three 
orders  of  magnitude  by  the  application  of  a  magnetic  field 
of  B/N  =  1.5  x  10* 18  T  •  cm3  for  20-percent  SF6  and 
80-percent  He.  The  attachment  rate  coefficient  ka  is 
strongly  affected  by  the  magnetic  field  only  below  some 
threshold  value.  For  E/N  =  2400  Td,  this  threshold  is  at 
B/N  =  6  x  10-18  T  •  cm3,  as  shown  in  Fig.  3.  The  rate 


E/B  ~  1  kV/(T  •  cm). 

III.  Experimental  Results 
Experimental  studies  of  low-pressure  glow  discharges 
in  crossed  electric  and  magnetic  fields  were  performed 
with  the  apparatus  shown  in  Fig  5.  The  discharge  is  pro¬ 
duced  by  overvolting  a  coaxial  gap  whose  dc  breakdown 
voltage  in  8  torr  of  20-percent  SF„-80-percent  He  is  ap¬ 
proximately  2  kV.  The  brass  center  conductor  is  the  cath¬ 
ode.  which  has  a  diameter  of  3.18  cm  and  a  surface  area 
of  100  cm:.  The  anode  is  a  set  of  twelve  0.32-cm-diam- 
eter  stainless  steel  rods  arranged  to  form  a  cylinder  around 
the  cathode.  The  anode-cathode  gap  spacing  is  2.06  cm 
at  the  minimum  point.  The  spacing  between  the  rods  al¬ 
lows  the  magnetic  field  to  permeate  the  discharge  with  a 
time  constant  determined  by  the  plasma  conductivity.  The 
discharge  can  be  driven  by  either  a  50-fl  1  -^ts  pulse-form- 
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Fig.  5.  Experimental  apparatus. 


ing  network  (PFN)  or  by  a  section  of  50-fi  cable  and  is 
switched  by  a  midplane  triggered  spark  gap  using  a  kry- 
tron  trigger  circuit.  The  discharge  system,  which  is 
matched  to  50  ft,  is  designed  to  deliver  voltage  pulses  of 
up  to  40  kV  to  the  discharge  chamber  with  rise  times  on 
the  order  of  nanoseconds. 

The  magnetic  field  is  applied  axially  to  the  discharge 
chamber  by  a  coil  which  is  driven  by  a  20-kV  capacitor 
bank.  The  total  capacitance  of  this  bank  is  45  nF,  the  in¬ 
ductance  of  the  magnetic-field  coil,  which  is  wound  on  a 
form  and  placed  around  the  discharge  chamber,  is  970  n  H, 
and  the  circuit  is  overdamped  to  prevent  voltage  reversals 
on  the  capacitors.  The  current  is  switched  to  the  coil 
through  a  spark  gap.  Magnetic  flux  densities  of  up  to  0.8 
T  can  be  obtained  with  this  circuit.  The  time  scale  of  the 
pulse  is  such  that  the  magnetic  field  strength  is  constant 
for  the  duration  of  the  glow  discharge.  Timing  for  the 
system  is  accomplished  by  picking  off  a  portion  of  the 
magnetic-field  coil  current  to  trigger  a  delay  generator 
which  in  tum  fires  the  krvtron  trigger  pulser  and  initiates 
the  discharge.  The  delay  can  be  adjusted  so  that  the  dis¬ 
charge  occurs  during  the  time  when  the  magnetic  flux 
density  is  at  its  desired  level.  The  discharge  current  was 
measured  with  a  Rogowski  coil,  and  the  total  discharge 
voltage  was  calculated  using  this  measured  current  and 
transmission  line  data. 

The  effect  of  the  magnetic  field  on  the  discharge  imped¬ 
ance  is  strongly  dependent  on  the  pressure  range  where 
the  discharge  is  operated.  Results  of  impedance  measure¬ 
ments  with  and  without  magnetic  field  over  a  pressure 
range  from  0.5  to  7  torr  are  shown  in  Fig.  6.  Below  5 
torr.  the  application  of  a  magnetic  field  causes  the  imped¬ 
ance  to  drop,  a  fact  which  is  utilized  in  crossed  field  tubes 
[3],  Above  approximately  5  torr.  the  discharge  character¬ 
istics  are  determined  by  electron-molecule  collisions  as 
discussed  previously.  In  this  range,  the  impedance  in¬ 
creases  in  crossed  field  configurations.  Experiments  at¬ 
tempted  with  a  magnetic  field  at  higher  values  of  B  V  lead 
to  filamentary  discharges  with  onset  times  on  a  nanosec¬ 
ond  time  scale. 

The  equilibrium  voltage  of  the  glow  discharge  with 
varying  magnetic  fields  at  a  pressure  of  S  torr  in  a  20- 
percent  SF„-80-percent  He  gas  mixture  is  given  in  Fig. 
7.  The  discharge  current  in  this  experiment  was  on  the 
order  of  150  A.  The  measured  discharge  voltage  shows  a 
linear  increase  with  a  slope  of  approximately  ft  kV  T  up 
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Fig.  6.  Discharge  impedance  with  magnetic  held  Z„  normalized  to  dis¬ 
charge  impedance  without  magnetic  held  Z,  as  a  function  ot  gas  pressure 
p  for  30-percent  SF„-80-pereent  He  and  8  =  0  3  T  The  circles  are  ihe 
experimental  points 
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Fig.  7.  Discharge  voltage  VJ%  calculated  positive  column  voltage  V „  and 
derived  electrode  fall  voltage  V.  as  a  function  of  magnetic  rlux  densitv  8 
for  30-perceni  SF„-80-percent  He  at  p  =  8  torr  The  circles  jre  the  ex¬ 
perimental  points. 

to  0.02  T.  Above  this  value  of  B.  the  voltage  rises  sharply 
with  a  slope  on  the  order  of  100  kV  T.  At  values  above  4 
kV  further  measurements  were  not  possible  due  to  the  in¬ 
creasingly  rapid  glow-to-arc  transitions  at  higher  volt¬ 
ages.  which  lead  to  a  sudden  drop  in  discharge  imped¬ 
ance 

Comparing  the  experimental  values  with  computational 
results  allows  estimation  of  the  cathode  voltage  drop  in 
the  glow  discharge.  We  have  assumed  that  the  positive 
column  extends  over  the  entire  distance  between  the  elec¬ 
trodes  and  that  E  .V  is  constant  in  this  region.  Using  the 
computed  equilibrium  values  of  the  reduced  electric  field 
strength,  the  positive  column  shows  a  magnetic-field  de¬ 
pendence.  as  shown  in  Fig.  7.  The  difference  between  the 
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measured  voltage  and  the  positive  column  voltage  is  the 
sum  of  the  anode  and  cathode  fall  voltages.  The  cathode 
fall  is  typically  the  much  larger  of  the  two  under  the  con¬ 
ditions  of  the  experiment.  Under  these  assumptions,  the 
calculated  cathode  fall  was  found  to  be  constant  up  to  B 
~  0.02  T.  Above  this  value  it  rises  drastically,  with  a 
slope  of  approximately  100  kV/T.  That  means  that  above 
a  certain  magnetic  field  strength  the  total  voltage  seems 
to  be  primarily  determined  by  fall  processes  for  the  range 
studied  experimentally. 

IV.  Discussion 

From  the  computationally  obtained  values  for  the  volt¬ 
age  drop  across  the  positive  column  and  the  total  dis¬ 
charge  voltage,  it  is  apparent  that  the  cathode  fall  region 
strongly  influences  the  discharge  characteristics,  both  with 
and  without  an  applied  magnetic  field.  For  B  =  0,  the 
cathode  fall  was  found  to  be  1.5  kV.  which  is  almost  an 
order  of  magnitude  higher  than  the  values  normally  re¬ 
ported  [12],  [13].  This  high  value  is  typical  for  abnormal 
glow  discharges,  i.e.,  glow  discharges  whose  current  is 
so  high  that  the  current  density  at  the  cathode  is  deter¬ 
mined  by  the  area  of  the  cathode  rather  than  the  external 
circuit  parameters.  Studies  by  von  Engel  [11]  show  that 
the  abnormal  cathode  fall  voltage  is  an  increasing  func¬ 
tion  of  jc/p~ .  where  je  is  the  current  density  at  the  cathode 
and  p  is  the  gas  pressure.  This  means  that  for  abnormal 
glows  the  discharge  is  in  a  range  of  operation  in  which 
the  V-I  characteristic  has  a  positive  slope .  For  our  exper¬ 
imental  values.  I  -  150  A,  cathode  area  Ac  =  100  cm:, 
and  p  =  8  torr,  the  value  for  jelp2  falls  well  into  the  region 
of  abnormal  glow  discharges  for  He  [11].  Since  the  pres¬ 
ence  of  SF6  in  the  gas  mixture  contributes  to  the  proper¬ 
ties  of  the  cathode  fall  as  well,  direct  comparison  to  the 
von  Engel  data  is  not  possible. 

For  B  *  0.  there  is  a  sharp  increase  in  voltage  above  a 
threshold  value  of  B  =  0.02  T.  A  qualitative  understand¬ 
ing  of  the  strong  magnetic-field  dependence  of  the  cathode 
voltage  can  be  gained  by  observing  the  characteristics  of 
the  electron  energy  distribution  of  the  cathode  fall  at  B  — 
0.  The  electron  energy  distribution  in  the  cathode  fall  in 
a  normal  glow  at  the  edge  of  the  negative  glow  region  has 
been  calculated  by  An  e:  al.  [14].  Their  results  show  that 
a  large  number  of  electrons  produced  at  the  cathode  do 
not  collide  in  the  cathode  fall  region,  so  that  there  is  a 
peak  in  the  distribution  at  an  energy  corresponding  to  the 
full  cathode  fall  voltage.  The  characteristics  of  the  elec¬ 
tron  energy  distribution  of  an  abnormal  glow  cathode  fall 
should  be  similar  except  for  the  difference  in  energy 
caused  by  the  higher  cathode  fall  voltage  If  a  transverse 
magnetic  field  is  applied,  this  high  energy  peak  will  be 
greatly  reduced.  In  order  to  compensate  for  the  resulting 
decrease  in  the  ionization  rate,  the  cathode  fall  voltage 
must  increase. 

If  such  a  discharge  is  considered  as  a  switch  in  an  elec¬ 
tric  discharge  circuit,  the  current  will  decrease  with  in¬ 
creasing  magnetic  field.  This  decrease  in  current  will 


eventually  turn  the  initially  abnormal  discharge  into  a  nor¬ 
mal  one  with  reduced  cathode  fall  This  means  that  at  high 
magnetic  field  strengths  the  total  hold-off  voltage  of  the 
swttch  will  be  determined  mainly  by  the  voltage  across 
the  positive  column,  rather  than  the  cathode  fall. 

Whereas  the  sharp  increase  in  discharge  voltage  at  a 
threshold  B! A  is  a  desirable  effect  for  an  opening  switch, 
the  increasingly  rapid  transition  from  glow  to  arc  with 
higher  magnetic  fields  could  impose  certain  restraints  to 
the  use  of  a  magnetically  controlled  discharge  as  a  switch. 
However,  if  operated  as  an  opening  switch,  in  which  the 
magnetic  field  is  applied  after  the  discharge  is  fully  estab¬ 
lished.  rather  than  before  breakdown  (as  in  our  experi¬ 
ment).  the  device  should  exhibit  reduced  arcing  compared 
to  the  results  previously  discussed.  A  way  to  improve  the 
discharge  further  with  respect  to  its  application  as  a  switch 
is  to  reduce  the  strong  electric  field  in  the  cathode  region 
during  the  conduction  phase  (B  =  0).  Two  types  of  cath¬ 
odes  which  could  help  to  achieve  this  end  are  thermionic 
cathodes  and  hollow  cathodes  [15].  Both  of  these  elec¬ 
trodes  have  the  capability  to  produce  high  current  densi¬ 
ties  while  maintaining  a  lower  forward  voltage  drop  across 
the  discharge . 

The  lower  forward  voltage  drop  not  only  aids  in  delay¬ 
ing  the  instabilities  in  the  cathode  region  [16].  but  is  also 
important  for  reduced  power  loading  in  the  gas  dunng 
conduction.  The  higher  current  density  is  necessary  to 
achieve  reasonable  power  gams  in  inductive  energy  stor¬ 
age  systems  with  a  magnetically  controlled  discharge  as 
the  opening  switch.  The  power  gain  G  can  be  defined  as 
the  power  transferred  into  the  load  divided  by  the  change 
in  magnetic-field  energy  necessary  to  generate  an  electric 
field  averaged  over  the  axis  of  the  discharge  For  a 
resistive  load  of  resistivity  E^JJ.  G  is  on  the  order  of 

l  U  £m«) 

G  =  — - .  (3) 

7  o) 

at 

Assuming  that  the  discharge  is  biased  at  a  static  magnetic 
flux  density  B0  just  below  the  sharp  increase  in  voltage 
with  B  (see  Fig.  7).  a  drastic  increase  in  electric  field  in¬ 
tensity  can  be  obtained  with  rather  moderate  transient  B 
fields  on  the  order  of  0.01  T.  With  opening  times  of  ap¬ 
proximately  0. 1  jls,  and  electric  field  intensities  of  £m>>  - 
1  kV/cm,  current  densities  of  J  >  1  A/cm*  are  required 
to  obtain  power  gains  in  excess  of  unity 
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;  effect  of  a  transverse  magnetic  field  on  the 
state  characteristics  of  glow  discharges  in 
gas  mixtures  was  studied  experimentally  and 

L tally.  A  coaxial  discharge  system  was  used 

illows  application  of  axial  magnetic  fields  up 
Tesla.  Measurements  of  the  discharge  voltage 
!e  SR  mixture  at  a  pressure  of  3  Torr  were 


armed  at  various  magnetic  field  intensities  At 
:nt  densities  ot  1  A/cm*  and  an  interelectrode 


mce  of  2  cm.  Che  discharge  voltage  was  found  to 
'ase  with  increasing  magnetic  field  at  a  rate  of 
7  Tesla  The  experimental  results  were  compared 

“he  results  obtained  with  a  continuum  model  for 
cathode  fall  and  the  positive  column.  The 
Its  of  this  study  indicate  thac  a  magnetically 
rolled  discharge  may  be  used  as  an  opening  switch 
opening  times  in  the  microsecond  to  millisecond 


:h.*  effects  -it  a  transverse  magnetic  field  on  a 
■.  l.iw  tischarge  have  been  studied  since  the  late 
nineteenth  centurv  (1!  J.J.  Thomson  in  his  1933 

“•  c  states  that  application  of  a  transverse  magnetic 
eld  to  the  positive  column  increases  the  discharge 
:»>r  vt’.r  ;o  L .  He  further  states  chat  a  transverse 
:>..,nettc  field  decreases  the  discharge  potential  in 
“he  cathode  fall  region  at  lower  pressures  and 
.  .• :  teases  it  at  higher  pressures  [2]  Most  of  the 
rimental  work  on  the  effect  of  magnetic  fields  on 
■■  1  iv  discharges  has  been  done  in  systems  which 
r-tre  'in  the  low  pd  side  (.left  hand)  of  the 
.^..Lrting  voltage  minimum.  where  p  is  the  pressure 

•  :  i  d  is  the  electrode  spacing.  On  the  left  hand 
.lie  ot  the  pd  minimum  the  application  of  a 

-  irsverse  magnetic  field  decreases  the  discharge 

"  >■  n  t.  a  i  This  effect  has  been  successfully  used  in 

'.'sing  ind  opening  switches  [3)  and  to  reduce  the 
forward  potential  of  cold  cathode  cubes  [ L ’ 

Very  little  work  has  been  done  on  the  high  pd 
.lie  of  the  voltage  minimum.  In  this  range  the 
ipp  1  ic.it ion  of  a  transverse  magnetic  field  increases 

*  '  discharge  potential  [5.6*  and  the  breakdown 

•  r.v.tial  '  This  effect  is  due  to  the  shift  of 

t:.e  electron  energy  distribution  towards  lower  energy 
i;*.d  f.e  reduction  of  the  high  energy  tail  of  the 
sir ibucion  in  crossed  electric  and  magnetic 

fielts  To  enhance  this  effect  an  actacher  gas  with 

\  1  .rge  attachment  cross  section  at  lower  energies 

..iv  r.e  used.  This  is  illustrated  in  figure  1.  When 
“re  electron  energy  distribution  shifts  downward  the 

-  leccr nr.  energy  mobilitv  is  reduced,  the  probability 

:  lttuchmenc  increases  and  the  probabilitv  of 

.  .  Mzution  decreases  This  effectively  reduces  the 

■  :  1 1' .  tv  ar.d  helps  to  extinguish  “he  discharge 

This  effect  provides  a  means  for  “he  cse  >f 
r  - 1  c  a  .  .  v  ur. .  ro  .  ,i’  i  » ow  •  n r e ->  s u r  e  d  i  s c  r. a  i  c  •.*  s  i  s 


Tig  1  An  illustration  of  the  concept  of  magnetic 

field  control  of  diffuse  discnurges  using  an 
attacher  gas 


re  rimer,  tat 


The  experimental  set-up  :o ns  tats  >r  a  coaxial 
discharge  cnamber  surrounded  bv  a  solenoidallv  shaped 
coil  This  allows  the  application  ot  a  " quasi -dc" 
axial  magnetic  field  to  a  radial  glow  discharge,  of 


current  densities  up  to  2  A, cm"  The  experimental 
sot -up  has  been  described  in  roterer.ee  The 

r.agretic  field  circuit  is  a  series  r.L  2  circuit 
capable  n  delivering  peak  currents  ot  7  kA  wr.ich 
produced  magnetic  fields  in  excess  of  1  2  T-'sla  The 

iischarge  circuit  -nr.siscs  :>r  i  '.  ..  table  or.u  a 

mid-plane  triggered  spur*  gay  v;::  t,  :ol .  er..  a 
.  10  ns  pa. so  tu  a  ’0  .3  shielded  resistor  m  seri.es 
-itn  the  dis “barge  chamber  In  order  “u  ootain 

.on.rer  pulses  a  .0  us  pulse  terming  network  was 
il-.o  used 

Both  the  discharge  voltage  ar.d  current  were 
i  --c  ended  using  transient  digitizers  and  the  magnetic 
lield  circui“  current  was  recorded  using  a  storage 
oscilloscope  or  ever*/  shot  7he  current  waver orrrs 
wore  measured  ising  commercial  Rogowsx.i  coil  current 
transiormers  The  discharge  voltage  was  monitored  bv 
a  capacitive  voltage  divider  in  series  with  a 

resistive  voltage  divider  This  zevice  nas  a  fast 

rise  time  which  is  » united  bv  the  sell  inductance  of 

t no  two  carbon  resistors  in  the  resistive  part  of  the 

divider  \  : ros s -  sec t ional  view  of  the  voltage 

iivider  is  shown  m  figure  .!  Th.e  step  response  -if 
“his  device  is  an  exronentidl.lv  dec  a  v  mg  signal  which 
:ias  a  time  constant  equal  to  the  product  or  the  sum 
^r  ‘he  two  resistors  times  the  sum  of  “he  two 
capacitors  Tor  short  pulses  ».  60  ns  the  vo  tzge 

iivioer  provides  an  accurate  reproduction  -if  the 
-rur  signal  l.onrer  signals  rust  re  proc  as  sea 

•  •  ;  italic  to  -nrr.rer.sar  e  tor  this  d«.  cuv 

-‘.  t  ires  'a  and  b  ire  riots  :  t  he  • '  1  :  are  and 


?  r  a c  1 1  *e  t r  a n :  i  c  s  r  r  '  c  r  am  . :  e 
“he  statistical  uelav  or  the 
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Fig. 2  Isometric  drawing  of  the  capacitive  voltage 
divider . 
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Fig.  4  Experimental  values  of  discharge  voltage  as  a 
function  of  gas  pressure  for  various  gases. 
Discharge  current  is  100  A. 


Figure  5  is  the  measured  quasi  steady-state 
voltage  current  characteristics  for  the  discharge 
with  applied  transverse  magnetic  field  These 
measurements  were  made  using  a  20%  SF^  -  60%  He  gas 

mixture  at  a  pressure  of  6  tort  Hie  measurement s 
were  made  bv  recording  both  the  discharge  current  and 
voltage  waveforms  tor  several  values  oi  applied 
voltage  at  specific  values  of  magnetic  field  inten¬ 
sity  Several  data  points  were  taken  for  each  value 

of  applied  voltage 


Fig  3  Typical  discharge  (a)  voltage  and  (b)  current 
waveforms  showing  four  consecutive  shots 
superimposed.  20%  SF^  -  80%  He,  B  •  0.05 

Tesla,  100  ns/div.  (a)  618  V/div  and 
(b)  -15  A/div. 


in  iv)  mm 


:>!:•«  .!AKGE  '’l.ItflKNT  '  I 


To  determine  the  operating  pressure  of  the  gas 
In  the  discharge  chamber,  pressure  versus  discharge 
voltage  data  were  taken  Figure  4  shows  the  measured 
values  of  pressure  versus  sustaining  voltage  for  a 

current  density  of  i  A/cm""  in  SF^,  He  and  an  80%  He 
20%  SF.  mixture  While  these  curves  should  noc 

*3 

be  confused  with  Paschen  curves  > which  are  pd  versus 
^  p  i  r  k  1  n  ii  voltage).  the  curves  tor  SF,5  and  the 

SF-  He  mixture  show  the  tvplc.il  Paschen  curve 

*D 

shape  There  is  a  minimum  voltage  which  Increases  is 
the  pressure  is  either  Increased  or  decreased  The 
minimum  voltage  for  SF^  and  the  SF^/He  mixture 

are  1100  V  and  1200  V  respectively  The  He  cur/e  has 
Its  minimum  at  a  pressure  greater  than  20  totr 


Fig  5  Experimental  values  of  discharge  voltage  as  a 
function  of  discharge  currenc  in  an  80%  He  - 
20%  SF^  gas  mixture  at  8  torr  for  various 

values  of  applied  transverse  magnetic  field 
intensity 

The  relationship  between  the  discharge  voivig 
and  the  applied  magnetic  field  s:rppp/:i  at  consr.in 
discharge  current  was  determined  :r  r  •  cure  ' 
These  data  are  given  as  figure  *  'r  lih.  ••.h  ,: 

currents  of  20  A.  60  A  and  100  a  W  i  ’  h  a  -.lthede 

surface  area  of  100  cm1*,  the  corre  spend  i  r  g  current 


surface  area  of  100  cm**,  the  corre  spend  i  r  g  current 

densities  were  0.2  A/crn4*,  0  6  A/ cm**  and  \  0  a  .--tT 
respectively.  The  plot  shows  an  initial  increase  i 
discharge  voltage  with  respect  co  magnetic  tiel 
(dV/dB)  of  approximately  0.4  kV/Tesla  for  the  thre 


values  of  current:.  This  increases  to  a  steady  value 
which  is  dependent  on  the  discharge  current.  The 
final  vaLues  of  dV/dB  for  the  three  values  of  current 
are  listed  below. 


I  dV/dB 

20  A  1.6  kV/Tesia 

60  A  2.3  kV/Tesla 

100  A  2.6  kV/Tesla 


B 

0.5  <  B  <  1.2  Tesla 
0.6  <  B  <  1.2  Tesla 
0.5  <  B  <  0.65  Tesla 
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Fig.  6  Experimental  values  of  discharge  voltage  as 
a  function  of  applied  transverse  magnetic 
field  intensity  in  an  80%  He  -  20%  SF^  gas 
mixture  at  8  torr  for  various  values  of 
discharge  current. 


Computational  Result 

Monte-Carlo  calculations  were  performed  to 
simulate  Che  positive  column  and  the  cathode  fall  of 
glow  discharges  in  transverse  magnetic  fields.  The 
gas  mixture,  which  was  chosen  for  our  studies,  was 
20%  S F^  -  80%  He  at  a  pressure  of  10  torr.  SF^-data 

compiled  by  Kline  [9|  and  Phelps  (10)  were  used.  The 
cross  sections  for  He,  which  serves  as  buffer  gas. 
were  taken  from  a  paper  by  Hayashi  (11). 

A  zero  dimensional  Monte-Carlo  code  was  used  to 
calculate  the  electron-energy  distribution,  ioniza¬ 
tion  rate  coefficient.  attachment  rate  coefficient, 
collision  frequency  and  drift  velocity  in  the  posi¬ 
tive  column  (12,13).  The  computed  attachment  and 
ionization  rate  coefficients  were  used  in  a  simpli¬ 
fied  continuity  equation  for  electrons,  where  detach¬ 
ment,  recombination  and  diffusion  processes  are  neg¬ 
lected  This  equation  resulted  in  the  calculation  of 
the  equilibrium  reduced  field  strength,  E/N .  for  the 
positive  column  of  a  discharge  plasma  as  a  function 
of  the  reduced  magnetic  field  Intensity,  B/N.  The 
results  from  such  calculations  are  shown  in  figure  7 
for  20%  SF^  -  80%  He.  Except  for  smaLl  values  of 

B/N.  the  E/N  versus  B/N  curve  increase  llnearLy  with 
a  slope  of  about  E/B  -  1  kV/cra ' Tes la . 

In  order  to  model  the  cathode  fall,  which  for 
abnormal  discharges  contributes  subs tant la  1 1 v  to  the 
total  discharge  voltage.  a  one  dimensional  Monte- 
Tar  l  o  code  was  used.  With  this  code  the  electron 
energy  d  L  s  t  r  i  but  1  ons  and  Che  transport  and  rate 

coetllcients  In  the  cathode  fall  region  of  glow 
discharges  in  a  He-SF^  gas  mixture  were  calcu¬ 
lated  The  charge  carrier  densities  and  the  current 
densities  were  computed  by  means  of  a  continuum 
model  A  self  consistent  solution  for  the  cathode 

fall  was  approached  through  an  iterative  procedure 
The  modeling  procedure  and  the  obtained  distribution 
of  rate  coefficients,  charge  densities  and  current  Is 
described  in  detail  In  reference  [13] 
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Fig.  7  Calculated  reduced  electric  field  intensity 
as  a  function  of  reduced  magnetic  field 
Intensity.  p  -  10  torr.  20%SF6  -  80%  He 

Figure  8  shows  the  calculated  electric  field 
distributions  for  zero  magnetic  field  and  a  magnetic 
field  of  0.5  Tesla  with  an  assumed  current  density 
2 

of  1  A/cm  .  The  electric  field  for  B-o  is  linear 
except  for  the  region  adjacent  to  the  positive  column 
(negative  glow).  The  cathode  falL  distance  is  verv 
short  compared  to  the  cathode  fall  distance  measured 
for  normal  cathode  falls  and  the  electric  field 
intensity  is  correspondingly  high.  It  reaches  35 
kV/cra  at  the  cathode.  Application  of  a  magnetic 
field  of  0.5  Tesla  causes  a  reduction  of  the  electric 
field  intensity  in  Che  cathode  fall  contrary  to  its 
effect  In  the  positive  column.  The  cathode  fall 
voltage  Is  reduced  to  about  250  V,  as  compared  to  the 
value  of  500  V  for  the  cathode  fall  in  the  magnetic 
field  free  case. 
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Oalculated  electric  field  intensify  ,»s  a 
function  t  distance  from  •Ou*  r  nude 
p  -  10  torr,  20%  SF^  •  30%  He.  J  -  1  A  cm*'. 

B  -  0  and  B  -  0.5  Tesla 


In  figure  9  the  theoretical  results  for  the 
positive  column  and  the  cathode  fall  of  a  discharge 
1 n  a  20%  SF^  -  80%  He  gas  mixture  are  compared  to 

the  experimental  values.  In  general,  the  experimen¬ 
tal  data  and  theoretical  results  appear  to  he  in 
agreement  for  values  of  magnetic  field  up  to  0.5 
Tesla.  At  higher  values  of  magnetic  field,  the  rate 
of  rise  of  voltage  with  respect  to  magnetic  field 
Intensity  determined  by  the  Monte-Carlo  method 
''1.3  kV /Tesla)  falls  between  Che  experimental  values 

for  0  2  A/cra"  (1.6  kV/Tesla)  and  0.6  A/cnT 
(2.3  kV/Tesla).  This  discrepancy  between  theory  and 
experiment  might  be  due  to  the  fact  that  recombina¬ 
tion  was  not  considered  in  the  rate  equation  which 
was  used.  Recombination  causes  a  reduction  of  the 
electron  density  and  therefore  an  Increase  in  Che 
electric  field  strength  for  che  same  current  density. 


d  ,1  r2  ,  v  r2  , 

—  (*B/M)  B  /  tAT 

d  t  Z 

If  the  magnetic  field  intensity.  3.  rising  from  zero 
to  0.5  tesla  in  a  time  r.  would  generate  an  elec¬ 
tric  field,  E,  of  0  5  kV/cra  in  the  discharge  for  a 

o 

current  density  of  100  A/cjn4"  The  opening  time 
f,  required  to  get  a  gain  greater  than  unitv  would 
then  have  to  be  greacer  than  The  discussed 

magnetically  controlled  switch  would  therefore  be 
suitable  for  opening  a  circuit  in  the  100  *js  to 
millisecond  range.  The  current  could  be  scaled  with 
the  discharge  cross  section  and  the  voltage  with  the 
length  of  the  positive  column. 
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Comparison  of  different  discharge  potential 
components  derived  from  Monte-Carlo 
calculations  to  experimental  results  as  a 
function  of  magnetic  field  Intensity.  Vp^ 

Is  the  positive  column  potential,  and 
Is  the  cathode  fall  potential. 


In  order  to  use  this  device  as  a  switch  che 

current  density  should  be  larger  chan  l  A/cm^  and 

The  forward  voltage  shouLd  be  relatively  low  With 
simple  brass  electrodes  and  no  pre ionizat Lon  che 
experimental  set-up  delivered  current  densities  of 

2  A/ cm4*  One  method  to  increase  the  current 

density  Is  the  use  of  a  hollow  cathode  When  using 

such  a  cathode  in  the  experimental  set-up  current 

densities  ten  rimes  that  obtained  with  the  plane 
v  l  Indr  i  c  a  1  cathode  were  obtained  at  approximately 
half  the  forward  potential  Work  -lone  at  GTE  Labs 
Inc  Indicates  that  current  densities  ot  several 
nundred  amperes  per  square  centimeter  can  be  obtained 
when  the  gas  is  preionized 

The  e  f  f  i  c.  i  enc  v  or  gain  ot  a  magnetically  con  - 
tr Tiled  opening  switch  can  be  detlned  as  the  ratio  of 
power  delivered  bv  the  switch  to  che  load  divided  bv 
the  magnetic  power  required  to  operate  che  switch 
;  l: ; 
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ABSTRACT 

The  application  of  a  magnetic  field  transverse  to  the  electric  field  In  an 
Ionized  gas  causes  a  shift  In  the  electron  energy  dl str I  Out  Ion  towards  lower 
energies.  This  shift  affects  the  transport  and  rate  coeff Ic l ents .  and 
consequently  the  resistivity  of  the  Ionized  gas.  This  effect  could  be  utilized  to 
modify  the  resistance  of  glow  discharges  and  to  use  them  for  high  power 
switching.  In  order  to  model  the  positive  column  of  glow  discharges  in  He/SFg, 
gas  mixtures,  Monte-Carlo  codes  were  used  to  determine  the  rate  and  transport 
coefficients.  With  the  obtained  values  the  current  density  -  electric  field 
character! sties  of  the  positive  colunn  were  computed.  Besides  steady  3tate 
characteristics,  the  transient  dynamic  response  of  the  discharge  due  to  changes 
of  the  transverse  magnetic  field  was  studied.  To  Investigate  glow  discharges  In 
magnetic  fields  experimentally,  a  coaxial  discharge  system  was  used  which  allows 
application  of  axial  magnetic  fields  up  to  1.2  Tesla.  Measurements  of  the 
discharge  voltage  and  current  In  a  BOX  He/20X  SF6  mixture  at  a  pressure  of  8 
torr  were  performed  at  varylnq  magnetic  field  Intensities.  The  discharge  voltage 
was  found  to  Increase  with  Increasing  magnetic  field  as  predicted  by  our  model. 


KEYWOROS 

Glow  discharge:  SF^:  magnetic  field:  opening  switch. 


INTRODUCTION 

Glow  discharges  are  spatially  character  1  zed  by  four  regions:  the  cathode  fall, 
the  negative  glow,  the  positive  coltisn,  and  the  anode  fall.  The  cathode  fail 
voltage,  vc.  Is  for  large  current  densities  (J  >  I  A/cm^)  on  the  order  of 
kilovolts  over  a  distance  of  typically  less  than  one  millimeter  (von  Engel, 
1983),  Voltages  across  the  restive  glow  and  the  anode  fall  are  negligible.  The 
voltage  droo  In  the  pos I t Us  column,  where  tne  electric  field  strength  E  Is 
constant.  Is  dependent  on  r*  :  length  of  the  column.  Control  of  the  glow 
discharge  through  magnet  I c  ;o-ntroi  of  the  positive  column  requires  general \, 
discharges  with  electrode  cMttonce.  d,  large  compared  to  the  cathode  fa 
distance.  Since  this  part  c>  the  discharge  can  be  considered  as  a  homogeneous 
plasma,  a  condition  which  r  1  tc  use  zero  order  codes  for  modeling, 

theoretical  studies  concent rare*  ;  initial ’y  on  magnetic  control  of  ratr  ana 
tran  port  properties  In  the  rxot  t  .  :  col  cm. 
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Tha  conductivity  in  the  positive  colour  Is  given  by  the  product  of  electron 
density,  n-,  and  electron  mobility.  ue.  with  Ion  contributions  neglected. 
Both  quantities  are  affected  by  the  magnetic  field.  The  decrease  of  mobility 
with  Increasing  magnetic  fleid  intensity  B  Is  usually  expressed  by  the  following 
equation,  where  a  constant  collision  frequency.  vc.  Is  assoned: 


m  uc  +  (eS/m)^ 


e  and  m  are  the  electron  charge  and  mass,  respectively.  The  effect  of  the 
magnetic  field  on  the  conductivity  through  Its  Impact  on  the  electron  density  Is 
usually  not  considered  as  being  essential.  However,  as  will  be  shown,  the  change 
In  electron  density  due  to  magnetic  field  controlled  electron  generation  and 
depletion  processes  can  affect  the  conductivity  In  a  similar  way  as  through 
changes  In  the  mobility. 


The  concept  for  a  magnetically  controlled  reduction  of  electron  density  and 
consequent  reduction  of  conductivity  In  the  positive  column  of  a  glow  discharge 
Is  based  on  the  following  considerations.  The  electron  energy  distribution 
f(c.E/N,B/N)  In  the  positive  column  Is  shifted  towards  smaller  electron 
energies  c.  when  a  transverse  magnetic  field  Is  applied.  This  leads  to  a 
reduction  of  the  Ionization  rate  coefficient,  which  Is  given  as: 

^  t  p 

*,■  »  |  r  t(£,£/N,S/.’0c1/2c1.(c)d£  !2) 

0 

oj  Is  the  Ionization  cross  section  and  N  Is  the  gas  density.  If  electro- 
negat I ve  gases  with  attachment  cross  section  peaking  at  low  energies  are  used, 
an  Increase  In  attachment  rate  will  occur,  due  to  the  shift  In  the  electron 
energy  distribution.  The  attachment  rate  coefficient  Is  : 

1/2 

k  =  \  r  t(e,E/N,B/N)c  ^  d  (e)de  (3} 

a  in  a 

0 

with  aa  being  the  attachment  cress  section.  Attachment  serves  as  an 
additional  mechanism  to  reduce  the  electron  density.  The  effect  of  the  magnetic 
field  on  the  carrier  density  could  In  this  case  -  that  means  by  using  suitable 
electronegative  gases  -  be  more  effective  In  changing  the  conductivity  of  the 
positive  colijnn  than  the  change  In  mobility  as  given  In  Equation  (I). 


COMPUTATIONAL  RESULTS 

Monte-Carlo  calculations  were  performed  to  simulate  the  positive  column  of  glow 
discharges  in  gas  mixtures  of  He  and  5 F^  at  10  Torr  when  a  transverse  magnetic 

field  Is  applied.  The  gas  mixtures,  wnlch  were  chosen  for  our  studies,  were  2Ct 

He.  and  5X  SFb/85X  He  at  10  Torr  pressure.  Sulfur  he  »af I uor i de 
(SFb)  was  chosen  os  the  attacner  for  this  work  because  of  Its  strong  attachment 

peak  at  a  very  low  energy,  and  the  fact  that  a  total  set  of  colllsionai  cross 

sections  are  more  readily  found  than  those  for  other  candidate  gases  with  similar 
attachment  cross  sections.  For  the  first  calculations  SFb-data  compiled  by 
Kline  (1979)  were  used.  The  results  of  these  calculations  are  published  by 
Cooper,  Schoenbach  and  Schaefer  (1986).  More  recent  calculations  are  based  on 
SFb  cross  sections  provided  by  Phelps  (1905).  Even  though  there  were 
differences  in  the  two  sets  of  cross  sections,  the  computed  electron  energy 


distributions  In  the  positive  column  were  almost  Identical.  The  cross  sections  for 
He.  which  serves  as  buffer  gas.  were  taken  from  a  paper  by  Hayashl  (1981). 


To  describe  the  steady  state  characteristics  of  the  positive  column,  spatial  uni¬ 
formity  of  electric  and  magnetic  field  Intensity  was  assumed.  A  Monte-Carlo  code 
was  used  to  calculate  the  electron-energy  distribution.  Ionization  rate  coeffi¬ 
cient.  attachment  rate  coefficient,  collision  frequency  and  drift  Velocity  in  the 
mixtures  of  S F$  and  He.  Because  of  the  steady  state  situation  and  the  homogeneity 
of  the  gas  and  the  applied  fields.  It  Is  sufficient  to  simulate  the  motion  of  one 
single  electron.  From  ergodlclty  it  can  be  assumed  that  a  sufficiently  long  path  of 
this  sample  electron  will  give  Information  on  the  behavior  of  the  entire  electron 
gas.  Each  run  of  the  program  considered  10^  collisions.  The  range  of  the  reduced 
electric  field  E/N  Investigated  was  60  to  2400  Td  and  the  range  of  magnetic  flux 
density.  0.  was  from  0  to  9  Tesla. 

Results  of  these  calculation  are  shown  In  Fig.  I  for  201  SF^/BOX  He.  The  Ioniza¬ 
tion  rate  coefficient  and  the  attachment  rate  coefficient  are  plotted  in  Fig.  la 
and  Fig.  lb.  respectively.  The  collision  frequency  vc  and  the  drift  velocity 
vd  are  shown  In  Fig.  2a  and  2b  as  a  function  of  reduced  field  between  50  eno  400 
Td,  with  the  magnetic  field  Intensity  6  as  parameter.  The  drift  velocity  shows  the 
expected  decay  with  Increasing  magnetic  field,  however  It  Is  due  to  the  reduction 
In  collision  fr eqency  with  Increasing  B  not  as  strong  as  predicted  by  the  simpli¬ 
fied  model (Equation  I).  The  main  effect  of  a  magnetic  field  on  the  conductivity  of 
the  electro-negative  gas  mixture  seems  to  be  the  reduction  of  the  effective  lonlza 
tton  rate  coefficient  (k(  -  ka),  rather  than  the  reduction  of  the  mobility  u,,. 
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Fig.  2.  Collision  frequency  (<j)  -inJ  drift  velocity 
various  magnetic  flux  densities,  p  =  10  to 

The  computed  rate  coefficients  k|  and  2500  r 

ka  can  be  used  In  a  simplified 
continuity  equation  for  electrons,  where 
detachment,  recont)  I  nation  and  diffusion 
processes  are  neglected,  to  calculate  2000  - 

the  equilibrium  reduced  field  strength 
E/N  for  the  positive  coluim  of  a 
discharge  plasma  as  a  function  of  8/N. 

This  equilibrium  E/N,  or  limiting  E/N.  1500  • 

Is  the  electric  field  Intensity  at  which  5 


if  =  kiNne  -  kaVe  =  0  (4) 

The  results  from  such  calculations  are 
shewn  In  Fig.  3  for  201  SF5/8OI  He  and 
51  Sffc/OSl  He.  Except  for  small 
values  of  8/N.  the  E/N  versus  8/N  curves 
Increase  linearly  with  a  slooe  of  E/8  • 
I  (kV/cm) /Tes la  and  0.25  ' kV/cm) /Tes la, 
respectively.  That  means  that  the  appli¬ 
cation  of  a  magnetic  field  of  1  Tesla 
forces  an  Increase  of  the  applied  volt¬ 
age  across  the  positive  column  of  a  glow 
discharge  In  201  SF6/901  He  by  I  kV#<j, 
where  d  Is  the  length  of  the  positive 
colcrm  In  cm.  In  order  to  sustain  the 
discharge.  If  tha  electrical  circuit  of 


J  ’’urCtion  of  r 
(\ut  JO'-Mt, 


the  glow  discharge  does  not  allow  an  Increase  In  voltage,  the  discharge  will  be 
turned  off  by  the  magnetic  field. 

Transient  behavior 


To  describe  the  temporal  response  of  the  positive  column  to  the  application  of  a 
transverse  magnetic  field,  a  Monte-Carlo  code  was  developed  where  10*  electrons 
were  simulated  Independently  with  appropriate  distributions  of  Initial 
conditions.  The  equilibrium  electron  energy  distribution  In  the  positive  coluin 
at  zero  magnetic  field  was  chosen  as  the  Initial  distribution.  This  Is.  for  201 
SF6/0O1  He.  the  distribution  at  E/N  ■  105  Td.  At  time  t  «  0  a  step  magnetic 
field  was  applied  and  the  temporal  development  of  the  energy  distribution  of  the 
Initial  10*  electrons  was  recorded  until  the  distribution  approaches  the  steady 
state  curve  for  the  applied  magnetic  field  with  the  electric  field  being 
constant.  The  temporal  development  of  the  electron  energy  distribution  Is  shown 
In  Fig.  4  for  E/N  *  105  Td  and  B  ■  0.5  T  •  u(t),  where  u(t)  describes  the  step 
behavior  of  the  magnetic  field. 


ELECTRON  ENERGY  (*Vl 

Fig.  4.  Temporal  change  in  electron  energy  distribution  after 
application  of  a  step  magnetic  field  of  B  =  0.5  T  u(t). 

The  temporal  change  of  the  Ionization  rate  coefficient  k(  end  the  attachment 
rate  coefficient  ka  are  shown  In  Fig.  5.  The  rate  coefficient  for  attachment  is 
modified  according  to  the  ratio  of  attaching  gas  density  Na  to  total  gas  density 
N  to  allow  direct  comparison  between  electron  generation  and  depletion  rate  In 
this  specific  gas  mixture.  At  t  -  0  where  these  processes  are  in  ecu ! 1  I Cr t ixn. 
k|  ana  ka*(Na/N)  are  equal.  During  the  first  nanosecond  they  both  decrease 
by  the  same  amount,  then,  however  the  two  curves  approach  different  stead/  state 
values,  the  reduced  attachment  rate  coefficient  being  larger  by  about  a  factor  of 
two.  The  temporal  development  of  the  electron  density  can  be  estimated  by  using 
the  continuity  equation: 
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For  steady  state  values  of  k( 
and  ka  this  differential 
equation  can  be  Integrated 
analytically  and  the  result  Is 

N 

ne  =  he  exp^'*(ki  ‘  T 


The  theoretical  result  corre¬ 
sponds  to  an  experiment  where 
the  voltage  Is  kept  at  a  con¬ 
stant  value  after  the  magnetic 
field  Is  applied.  This  Is  the 
situation  which  Is  character¬ 
istic  for  capacitive  discharge 
circuits.  Consequently.  1  i 
capacitive  discharge  clr^  a 
201  SFfc/  Q01  He  glow  c  urge 
used  as  a  switch  should  n  off 
with  a  time  constant  of  f  »  100 
ns  when  a  magnetic  r  i *=  I d  of  0.5 
Tes la  Is  ap pi  led. 


Fig. 


EXPERIMENTAL  RESULTS 


time  (ns) 


5.  Computed  temporal  change  of  ionization 
and  reduced  attachment  rate  coefficients 
ki  and  ka  x  Na/N,  respectively,  and  cor¬ 
responding  decay  in  normalized  electron 
density  n/ng  after  the  application  of  a 
step  magnetic  field  to  an  ionized  cas 
(80S  lie: SOS  SF6 )  at  time  T  =  0. 


A  schematic  of  the  experimental  setn?  Is  shown  In  Fig.  6.  The  glow  discharge  is 
produced  Oy  overvoltlng  a  radial  gap,  with  the  center  rod  being  the  cathode.  The 
cathode  area  Is  about  100  cm2.  The  anode  consists  of  a  set  of  rods  arranged  to 
form  a  cylinder  around  the  cathode.  The  discharge  Is  driven  by  a  50-Ohm  cable. 
It  Is  designed  to  deliver  voltage  pulsas  of  up  to  40  kV  with  ns-rlsetlmes  to  the 
discharge  chamber.  A  coll  around  the  coaxial  discharge  chamber  allows  application 
of  axial  magnetic  fields  up  to  1.2  Tesla.  The  discharge  current  Is  measured  with 
a  Rogowsk I -co 1 1 ,  the  voltage  across  the  discharge  with  a  capacitive  voltage  probe. 
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Fij.  5.  Experiment.;) setup,  side  view  jnd  end-on  view 


After  a  large  overvoltage  Is  applied  to  the  discharge  chamber,  the  discharge 
voltage  and  current  approach  a  steady  state  in  some  tens  of  nanoseconds  charac¬ 
terized  by  a  discharge  resistance  In  the  range  of  several  tens  cf  Ohm.  With 
magnetic  fields  applied,  the  duration  of  the  steady  state  pnase  Is  less  determined 
by  the  discharge  circuit  (200  ns  transmission  line)  but  rather  by  transition  Into 


a  low  resistance  arc.  The  onset  of  the  glow-to-arc  transition  varies  statisti¬ 
cally  but  generally  It  sets  In  earlier  with  Increasing  magnetic  field  and  higher 
current  densities. 

The  measured  steady  state  current-voltage  characteristics  for  801  He/  201  SFg 
with  the  magnetic  field  strength  as  parameter  Is  plotted  In  Fig.  7a.  The  data 
points  represent  experimental  values  with  an  error  of  about  101.  due  to  the  uncer¬ 
tainty  In  voltage  data.  According  to  our  simple  model  for  the  positive  column 
(Couatfon  4),  E/N  and  therefore  the  voltage  —  at  least  In  the  positive  column  — 
should  not  depend  on  the  current.  At  higher  magnetic  field  strengths,  however, 
there  Is  a  distinct  Increase  of  voltage  with  increasing  current.  This  current  den¬ 
sity  dependent  effect  might  be  due  to  the  Increasing  Importance  of  recontolnatlon 
processes,  which  have  been  neglected  In  our  calculations. 

The  voltage  Is  rising  with  Increasing  magnetic  field  as  expected  from  our  theo¬ 
retical  studies.  Besides  this  qualitative  correspondence  there  Is  a  reasonable 
agreement  between  theory  and  experiment  with  respect  to  the  rate  of  change  of  elec¬ 
tric  field  with  Increasing  magnetic  field.  In  Fig.  7b  the  theoretical  E/N  versus 
B/N  curve  Is  compared  with  curves  derived  from  experimentally  obtained  values  at 
current  densities  of  0.6  A/cm2  and  I  A/cm2.  For  these  curves  It  was  assumed  that 
the  positive  coluwi  extends  over  the  entire  distance  between  the  electrodes  and 
that  E/N  Is  constant  In  this  region.  The  agreement  In  the  slopes  of  experimen¬ 
tal  ly  and  theoretically  obtained  E/N  versus  B/N  curves  becomes  better  with 
Increasing  current  density. 


CONCLUSION 


Theoretical  Investigations  of  the  positive  colunn  In  a  magnet  I ca I  I y  controlled 
glow  discharge  In  SF^/He  have  been  performed,  both  steady  state  and  time 
dependent.  The  steady  state  calculations  Indicate  that  a  magnetically  Induced 
Increase  In  electric  field  strength,  correspond! ng  to  an  Increase  In  resistance, 
of  about  I  kV/Tesla  can  be  expected  In  a  201  SF^/801  He  mixture.  This  result  Is 
In  agreement  with  our  experimental  observations  (Fig.  7).  The  measured  rate  of 
change  In  voltage  with  magnetic  field  Intensity  aoove  0.3  Tesla  approaches  the 
value  2  kV/Tesla  at  a  gap  distance  of  2  cm.  At  current  densities  In  excess  of  l 
A/cm^.  correspond! ng  to  currents  greater  than  100  A  In  our  system.  It  Is 
expected  that  the  voltage  across  the  discharge  Is  determined  more  and  more  by  the 
cathode  fall  rather  than  by  the  positive  column.  Therefore,  and  because  of  the 
Importance  of  this  region  for  the  stability  of  the  discharge  It  Is  planned  to 
expand  the  theoretical  and  experimental  Invest Igat Ion  to  the  cathode  fall.  The 
time-dependent  Investigations  of  the  positive  coluon  give  an  estimate  of  the  time 
scale  of  the  dynamic  response  of  the  plasma  to  changes  In  the  magnetic  field  for  a 
constant  electric  field.  A  typical  time  constant  for  the  decay  of  electron 
density  in  the  positive  column  Is  100  ns  for  applied  magnetic  fields  of  0.5  Tesla. 

Both  experimental  and  theoretical  results  Indicate  that  It  Is  possible  to  use 
magnetically  controlled  glow  discharges  as  opening  switches  for  Inductive  energy 
storage  systems  or  as  a  means  to  shorten  the  recovery  time  In  low  pressure  closing 
switches  operated  at  nigh  repetition  rates.  A  problem  which  Imposes  restraints  to 
their  use  as  switches  Is  the  relatively  high  forward  voltage  at  zero  magnetic 
field,  which  In  our  system  Is  greater  than  one  kV  and  Is  Increasing  with  current 
density.  A  considerable  contribution  to  this  voltage  comes  from  the  cathode 
fall.  A  way  to  reduce  the  cathode  fall  voltage  without  sacrificing  current 
density  Is  to  use  a  hollow  cathode  (Schaefer  and  co-workers,  1964).  First 
experiments  with  a  hollow  cathode  showed  that  the  discharge  voltage  with  no 
magnetic  field  applied  Is  reduced  by  a  factor  of  two.  We  assume  that  further 
reduction  of  the  forward  voltage  drop  Is  possible  by  optimizing  cathode  material 
and  geometry,  and  gas  compos  1 1 Ion. 
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ABSTRACT 

A  Monte-Carlo  code  was  used  to  calculate  the  electron  energy  distributions  and 
the  transport  and  rate  coefficients  in  the  cathode  fall  region  of  glow  discharges 
in  a  He/SF^  gas  mixture.  The  charge  carrier  densities  and  the  current  densities 
were  computed  by  means  of  a  continuum  model.  Through  an  iterative  procedure  a 
self  consistent  solution  for  the  cathode  fall  was  approached.  In  order  to  study 
the  influence  of  externally  applied  magnetic  fields  on  the  cathode  fall,  the 
calculations  were  repeated  for  a  transverse  magnetic  field  of  0.5  Tesla. 

KEYWORDS 

Discharge  modeling,  cathode  fall,  SF^,  magnetic  field 
INTRODUCTION 

Glow  discharges  are  spatially  characterized  by  four  regions:  the  cathode  fall, 
the  negative  glow,  the  positive  column,  and  the  anode  fall.  The  power 
consumption  in  the  discharge  is  to  a  large  extent  determined  by  the  processes  in 
the  cathode  fall  region.  For  current-densities  1  A/cm*'  the  voltage  V  in  the 
"abnormal"  cathode  fall  reaches  values  in  the  order  of  kV  over  the  distance  of 
less  than  one  mm  (von  Engel  ,1983). 

There  are  numerous  efforts  to  model  glow  discharges  (Davies,  1986).  Since  the 
positive  column  can  be  considered  as  a  homogenous  plasma,  the  calculation  of 
transport  and  rate  coefficients  in  this  part  of  the  discharge  requires  only  the 
use  of  zero-order  Monte-Carlo  codes  (Cooper,  Schoenbach,  and  Schaefer,  1986).  In 
the  cathode  fall  region,  the  electric  field  near  the  cathode  is  very  high  and 
varies  rapidly  in  space.  It  is  therefore  not  permissible  to  use  cathode  fall 
model?  which  assume  equilibrium  of  the  charged  particles  with  the  electric 
field.  The  fall  characteristic  should  be  studied  by  microscopic  methods  such  as 
Monte-Carlo  techniques  or  the  Boltzmann  equation. 

Monte-Carlo  simulations  of  the  cathode  fall  have  been  performed  by  Tran  ml 
co-workers  (1977),  Davies  and  co-workers  (1980),  Boeuf  and  Marode  (1982),  3  eg ur 
and  co-workers  (1983),  and  Razdan,  Capjack,  and  Seguin  (1985).  All  of  these 
studies,  however,  were  performed  for  "normal"  cathode  falls  in  He,  assuming 


a  voltage  of  about  400  V  over  i  distance  of  1  cm.  'v'e  have  developed  ,j  self 
consistent,  steady  state  model  of  the  abnormal,  cathode  fall  In  a  gas  >li<ch.ir:** 
which  is  operated  in  a  gas  mixture  containing  SF  .  because  of  the  potential 
importance  of  glow  discharges  in  electronegative  gases  for  switches  (Cooper, 
Schoenbach,  and  Schaefer,  1986)  and  for  semiconductor  processing,  we  have  also 
studied  the  effect  of  a  transverse  magnetic  field  as  a  means  to  control  the 
density  and  energy  distribution  of  charged  particles  in  the  cathode  fall  region. 


METHOD 


In  figure  1  the  modeling 
procedure  is  shown  in  form  of  a 
flow-diagram.  The  initial 
electric  field  was  assumed  to 
be  linearly  decreasing  over  a 
distance  of  0.5  mm  (cathode 
fall)  and  then  to  stay  constant 
(positive  column).  Its  maximum 
value,  at  the  cathode  surface, 
was  set  to  18000  Td,  according 
to  a  cathode  fall  voltage  of 
1.5  kV.  The  minimum  value,  the 
electric  field  in  the  positive 
column,  was  calculated  by  means 
of  a  zero  order  Monte-Carlo 


code. 


For  a  802  He/  202  SF, 


gas  mixture  at  a  total  pressure 
of  10  Torr  it  was  found  to  be 
105  Td  (Schoenbach  and 
co-workers,  1987).  These 

calculations  and  the  ones 

described  in  the  following  were 
based  on  SF,  cross-sections 
for  vibrational  and  electronic 
excitation,  ionization, 

attachment,  and  momentum 

transfer  provided  by  Phelps 

(1985).  The  rate  coefficients 
for  ion-ion  recombination  and 
for  collisional  detach^ent^er^ 
assumed,  to^be.2  x  10  cm  s 
and  10“°  era's  1  respectively. 


The  rate 
electron-ion 
taken  from 
(1982). 


coefficient  for 
recombination  was 
a  paper  by  Biondi 
The  ion-moLilities 
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were  obtained  from  compilation 
by  Ellis  et  al.(1976). 

The  cross-sections  for  He,  which 
serves  as  buffer  gas,  were  taken 
from  a  paper  by  Hayashi  (1981). 


l- 1  g .  i  . 


for  i  h 


mode  ling. 


A  one  dimensional  Monte-Carlo  code  was  used  to  obtain  the  o loot r  m  en.-rj-.- 
d  istr  i  lint  ions  as  a  function  of  position  along  the  discharge  axi.,. 

I„n.semb  1  i*s  of  500  to  10000  electrons  were  seeded  at  the  cathode  to  simulate  f.e 

cathode  fall.  The  initial  distribution  of  the  electrons,  when  1  on v me  the 
cathode,  was  assumed  to  be  constant  between  0  and  10  eV  and  zero  for  higher 

energies  (Hagstrum,  1956).  Knowing  the  electron  distribution  functions  allowed 
to  calculate  the  rate  coefficients,  such  as  ionization  and  attachment  rate 

coefficient,  and  the  electron  drift  velocity  as  a  function  of  position.  These 
data  were  used  to  determine  the  spatial  distribution  of  electrons,  positive  and 
negative  ions,  and  the  current  densities  for  the  different  species  by  means  of  a 
set  of  continuity  equations.  Processes  considered  in  the  continuity  equations 
are  ionization,  electron-ion  and  ion-ion  recombination,  attachment  and 
collisional  detachment.  Integration  of  these  equations  was  performed  by  using 
the  previously  calculated  values  for  the  particle  density  and  the  current  density 
in  the  positive  column  as  boundary  values.  The  initial  electric  field 
distribution  was  then  modified  to  match  the  condition  for  total  current  density 
along  the  discharge  axis: 

dJ/dx  =0  (1) 

The  boundary  condition  at  the  cathode  is  determined  by  secondary  ionization 
processes  that  can  occur  at  this  electrode.  Neglecting  any  photon  processes,  the 
boundary  condition  at  the  cathode  is  given  by: 

Je(x=0)  =  y.  J+(x=0)  (2) 

here  J  and  J  are  the  current  densities  for  electrons  and  positive  ions, 
respectively,  and  y.  is  defined  to  be  the  probability  of  electron  emission  per 
incident  ion.  In  order  to  satisfy  this  condition  for  a  certain  y.  the  cathode 
fall  distance  was  adjusted  leaving  the 
electric  field  distribution  unaltered 
in  the  newly  defined  cathode  fall 
region . 

The  procedure  described  in  the 
paragraph  above  is  then  repeated  to 
obtain  a  new  set  of  solutions  for 
particle  and  current  density,  which 
match  the  boundary  conditions  better. 

By  means  of  Poisson's  equation  the 
electric  field  distribution  is 

subsequently  modified  and  the 
simulation  is  performed  again.  By 

carefully  choosing  the  initial  field 
distribution  it  seems  to  be  possible  to 
obtain  a  reasonably  accurate,  self 

consistent,  result  for  the  electric 
field  and  the  particle  and  current 
d  istributions  after  the  first  set  of 
iter.it  ions . 


RESULTS 

Figure  2  shows  the  calculated  electric  field  distributions  for  zero  magnetic 
field  and  applied  transverse  magnetic  field  of  0.5  Tesla.  The  electric  field  tor 
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2.  Electric  field  distribution 
in  tin:  cathode  fall  ind 


positive  column, 


3=0  is,  .if  tor  the  first  set  of  iteration.';  still  !  i  no  or  except  toe  pari  i.i  ■  1  ■ « •  ■ . 
to  the  positive  column  (negative  glow),  however,  the  cathode  fill  .l^t  nc"  i - 
shorter  than  the  assumed  fall  length  >y  about  1  factor  of  two.  U  s/*,  -  ho 

electric  field  intensity  at  the  cathode  surface  is  reduced  by  a  factor  of  1.1. 

The  charge  carrier  distribution  is  plotted  in  Fig.  3.  As  expected,  the  electron 
density  in  the  cathode  fall  region  decays  rapidly  in  the  direction  towards  the 
cathode.  The  negative  ion  distribution  is  similar,  due  to  low  attachment  rate  n 
the  high  field  region  in  the  vicinity  of  the  cathode.  The  distribution  of  the 
positive  ions  does  not  vary  that  drastically,  however,  it  is  certainly  not 
constant  over  the  cathode  fall  distance,  as  assumed  in  early  cathode  fall  models 
(Ward,  1958). 

The  carrier  distribution  in  the  negative  glow  is  very  sensitive  to  variations  in 
the  electric  field  in  this  region.  The  electrons  leaving  the  cathode  fall  carry 
a  high  momentum  which  causes  a  high  ionization  rate  in  the  negative  glow.  In 
order  to  satisfy  the  current  density  condition  (1)  small  electric  field 
intensities  or  even  reversed  fields  must  be  assumed  to  obtain  a  self-consistent 
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Fig.  3.  Charge  carrier  densities  in  the  Fig.  4.  Current  densities  in  the 
cathode  f3ll  and  positive  cathode  fall  and  positive 

column.  column. 

solution.  On  the  other  hand  the  attachment  rate  can  reach  very  large  values  if 
the  electric  field  is  lowered  too  much.  This  makes  it  very  difficult  to  idjust 
the  electric  field  in  this  region. 


Current  densities  for  electrons,  negative  and  positive  ions,  are  s.iovn 
Fig.  4.  Most  remarkable  is  that  according  to  our  calculations  a  lar^e  port  i  in  of 
the'  current  (50%)  even  in  the  positive  column  is  carried  by  SF&  ions  rather 
than  electrons.  The  electron  current  reduces  to  value  of  .01  of  the  positive  ion 
current  at  the  cathode  surface  satisfying  the  condition  in  equation  2. 


For  these  calculations 
generated  by  the  discha 
field  is  applied.  I 
discharge  character  1st 
distribution  function 
mixture  containing  SF^ 
electric  field  causes 
intensity  in  the  posi 
Cooper,  Schoenbach  and 
cathode  fall  the  stmu 


it  was  assumed  that  influence  of  the  ma 
rge  current  can  be  neglected  and  that  no  oxter 
t  is  known  that  magnetic  fields  can  drast trail 
ics  through  their  impact  on  the  elec 
(Allis  and  Allen,  1937).  It  was  found  t 
,  the  application  of  magnetic  fields  trans 
an  increase  in  the  limiting  or  equilibrium  el 
tive  column  of  a  gas  discharge  (Raju  and  D 
Schaefer,  1986).  In  order  to  explore  its  infl 
lation  described  above  was  performed  for  i  <- 
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conf  igurat  ion ,  with  a  transv>.:  jr:  magnetic  f  i<?  Id  of  (),'  Tesla  applied. 

Fig.  2  .-shows  the  electric  field  in  the  cathode  fall  region.  The  ■;  i.;".-”  : 

obviously  causes  a  reduction  of  the  electric  field  intensity  in  the  cu*  - 

contrary  to  its  effect  in  the  positive  column  (Cooper,  Schocnbach  and  d,  • 

1986).  The  cathode  fall  voltage  is  reduced  to  about  250  V,  down  from  l  j  ,'V 

the  cathode  fall  in  the  magnetic  field  free  case. 

In  Fig.  5  the  electron  drift  velocities  for  the  case  with  and  without  magnet  : : 
field  are  compared.  The  electron  drift  velocity  is  lowered  in  crossed  fie',  is 
over  the  entire  discharge  length,  except  close  to  the  cathode,  by  about  a  fact-r 
of  4.  Fig.  6  shows  the  ionization  and  attachment  rate  coefficients  for  2=0  n: 
B=0.5  Tesla.  The  application  of  a  transverse  magnetic  field  obviously  leafs  t;  i 
reduction  of  the  ionization  rate  and  an  increase  in  attachment.  These  h  . 
are  caused  by  the  shift  of  electron  energy  distribution  towards  smaller 


Fig.  5.  Electron  drift  velocity  In  the 
cathode  fall  and  positive 
column . 


Fig.  6.  Ionization  and  attachment  rate 
coefficients  in  the  cathode 
fall  and  positive  column. 


energies  when  a  magnetic  field  is  applied  perpendicular  to  the  electric  field  of 
the  discharge  (Cooper,  Schoenbach  and  Schaefer,  1986). 


CONCLUSION' 

A  simulation  technique  for  the  cathode  fall  of  glow  discharges  has  been  developei 
which  allows  us  to  obtain  a  self  consistent  solution  for  the  cathode  fall. 
Knowing  the  gas  properties  (cross  sections,  rate  coefficients)  and  the  elect rm 
emission  processes  at  the  cathode  (  Y  -coefficients'  the  lurrent-v-C  - 
characteristic  for  the  cathode  fail  can  be  derived.  The  method  can  oi.,:!--  1  *• 
extended  to  simulate  the  entire  discharge. 

The  simulation  technique  was  applied  to  a  gas  d  i.idiar  ;<•  m  i  .;  i  -tr- 
containing  SF^.  The  cathode  fall  distance  at  current  densities  of  1  \  .  . 

much  smaller  than  it  was  assumed  for  normal  cathode  falls  ::i  Me  (  Ir  i,<  rid  >- 
workers,  1977).  The  electric  field  intensity  for  these  ibiiorn.il  -low  !i  .<  d:  ■ 

reaches  values  of  more  than  30000  I'd  at  the  cathode  surt.ico,  tar  ihove  Lie  vi. 
which  are  assumed  for  normal  glow  discharges  in  noble  gases.  The  application  e 


»>  •'*  -s  i 


n  •  ■ 

1  J".s 


transverse  magnet  Lc  fields  causes  .1  roduct  i  on  of  the  <■  lor  r.  r  lc  f  ie!d 
the  cathode  region  and  an  increase  in  the  density  of  noant  1  v<_> 
electrode.  This  result  indicates  that  magnetic  fields  could  he  used  •  ,  .  sir,', 
the  density  and  energy  of  negative  ions  in  plasma  devices  for  semi  ■-■inuuct  <r 
surface  processing. 
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THE  EFFECT  CF  TRANSVERSE  MAGNETIC  FIELDS  ON  GDCW 
DISCHARGES  IN  ELECTRONEGATIVE  GASES 

K.  H.  Schoenbach,  T.  J.  Power?  S.  T.  Ko,  and  V.  K.. 
Lakdawala ,  Old  Dominion  University,  Norfolk,  Va. 

The  effect  of  a  transverse  magnetic  field  on  the- 
steady  state  characteristics  of  glcw  discharges  in. 
He/SF,  gas  mixtures  was  studied  experimentally  and 
theoretically.  A  ooaxial  discharge  system  was  used 
which  allows  application  of  axial  magnetic  fields  up 
to  1.2  Tesla.  Measurements  of  the  discharge  voltage' 
and  current  in  a  He/SFg  mixture  at  a  pressure  of  8 
Torr  were  performed  at  varying  magnetic  fields.  At 
current  densities  of  1  A/ cm  the  discharge  voltage 
was  found  to  increase  with  increasing  magnetic  field 
at  a  rate  of  2  kV/Tesla  for  a  gap  distance  of  2  cm. 

A  one-dimensional,  self  consistent  discharge  model 
was  developed.  Monte-Carlo  codes  were  used  to 
calculate  the  electron  energy  distriixitions  and  the 
transport  and  rate  coefficients  in  the  positive 
column  and  in  the  cathode  fall.  The  charge  carrier 
densities  and  the  current  densities  for  electrons  and 
ions  along  the  discharge  axis  were  subsequently 
computed  by  means  of  a  continuum  model.  A  self 
consistent  solution  for  the  cathode  fall  was  obtained 
through  an  iterative  procedure.  The  calculations  were 
performed  for  discharges  in  80%  He/  20%  SF,  mixturei 
with  no  external  magnetic  field  and  transverse  I 
magnetic  field  of  B  *  0.5  Tesla,  respectively. 

The  calculation  of  the  electric  field  in  the 
positive  column  gave  values  of  100  Td  for  B  =  0  and 
increased  to  300  Td  when  a  magnetic  field  of  .5  Tesla 
was  applied.  In  the  cathode  fall  region  the 
application  of  a  magnetic  field  had  the  opposite 
effect  on  the  electric  field  intensity.  At  the 
cathode  surface  values  of  35000  Td  were  obtained  in 
the  magnetic  field  free  case  compared  to  20000  Td  for 
the  discharge  with  B  =0.5  Tesla.  The  cathode  fall 
distance  was  with  0.3  iron  about  the  same  under  both 
conditions.  The  electric  field  results  of  the 
discharge  simulation  agreed  well  with  the  field 
values  obtained  from  measurements  of  the  discharge 
voltage. 


1  .  ,  _  . _  O  <1  An 

.  JHv2  I  -O,  1  .Tu 


ARC  TECHNOLOGY 
5 
x 


'onuests  fp*  r.Mjuipr'nrv 


Dr.  K.  H.  Schoenbach 

Old  Dominion  University  _ 
Department  of  Electrical 
and  Computer  Engineering 


♦Supported  by  the  Office  of  Naval  Research  under 
contract  No.  N00014-85-K-0602. 


Norfolk,  Va. 
U.S.A. 

804  440  -  4625 


APPENDIX  F 

Abstract  of  Presentation  at  1987  Gaseous 
Electronics  Conference,  Atlanta,  GA,  October  1987. 
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Analysis  of  the  Cathode  Fall  of  Abnormal  Glow 
Discharges  in  an  Electronegative  Gas*,  K.  H.  Schoenbach 
and  Hao  Chen,  Old  Dominion  University,  Norfolk/  VA, 

-  The  cathode  fall  and  the  positive  column  of  a  glow 
discharge  in  a  SF^/He  gas  mixture  was  modeled  for 
current  densities0 in  the  range  of  1  A/cm  .  A  one 
dimensional  Monte-Carlo  code  was  used  to  calculate  the 
electron  energy  distributions  and  the  transport  and 
rate  coefficients  as  a  function  of  position  in  the  dis¬ 
charge,  assuming  a  linearly  varying  electric  field  in 
the  cathode  fall  region-  Subsequently  the  charge  car¬ 
rier  densities  and  electron  and  ion  current  densities 
were  computed  by  means  of  a  continuum  model.  The 
results  were  used  to  correct  the  assumed  electric 
field  distribution  and  through  an  iterative  procedure  to 
approach  a  self  consistent  solution  for  the  cathode  fall 
The  influence  of  a  transverse  magnetic  field  on  the 
glow  discharge  was  studied  with  the  same  technique. 

The  calculated  discharge  voltages  were  compared  with 
experimentally  obtained  values. 
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